
 

 

 University of Groningen

Electromagnetic response functions in proton-proton scattering
Kiš, Mladen

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kiš, M. (2005). Electromagnetic response functions in proton-proton scattering. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/ea803a62-5c8c-4c62-afd4-7fba6660f092


Electromagnetic response functions in
proton-proton scattering 

Mladen Kiš



Electromagnetic response functions in

proton-proton scattering



This work has been performed as part of the research program of the
Stichting voor Fundamenteel Onderzoek der Materie (FOM), which is fi-
nancially supported by the Nederlandse Organisatie voor Wetenschappelijk

Onderzoek (NWO).



RIJKSUNIVERSITEIT GRONINGEN

Electromagnetic response functions in

proton-proton scattering

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. F. Zwarts,
in het openbaar te verdedigen op

vrijdag 1 april 2005
om 13.15 uur

door

Mladen Kǐs
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Chapter 1

Introduction

The strong force, according to our present understanding, is described
by the theory of quantum chromodynamics (QCD). However, much
below the region of energies at which the interaction of nucleon con-
stituents starts to reveal its properties, the strong force was (and still
is) investigated by means of a phenomenological nucleon-nucleon (NN)
interaction and by probing the nuclei via different probes. Due to the
non-perturbative nature of QCD at low energies, which are characteris-
tic for nuclear physics1, we still use until now so-called effective degrees
of freedom in models describing the NN interaction. The effective2

models or potentials [Sto93, Sto94, Wir95, Mac96], which are presently
regarded as the state-of-the-art (NN) potential calculations, incorpo-
rate most or at least the most important, phenomena related to our
understanding of the NN interaction. Our interest in the NN poten-
tials is governed by our wish to interpret or predict the NN scattering
data as well as possible. Another long standing desire is to use such a
potential as a building block to explain even highly complex systems
such as nuclei.

In contrast to the effective models which are based on the field the-
ory approach, the phenomenological models utilize physically observ-
able quantities in the development of the potential models. Although
not as sophisticated as models based on the field theory approach, the
phenomenological models serve as useful alternative, especially if tuned

1Actually, it is hard to draw a clear line where the nuclear region stops and where
particle physics begins.

2The models are called effective because they use effective degrees of freedom to describe
observable phenomena.
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1.1 Proton-proton (virtual) bremsstrahlung

for a particular purpose. Concerning the subject of this work, the dif-
ference between these two approaches is that the off-shell behaviour is
well-defined in the field-theory approach and approximated in a plau-
sible way in the phenomenological approach, where the reaction ampli-
tude is evaluated from the on-shell state.

The permanent development has led us to the present situation in
which all effective potentials can describe elastic NN scattering data
equally well (with χ2 ≈ 1 per datum). The elastic cross sections as well
as analyzing powers for the NN scattering are accurately known today,
and the models are in a good agreement with the experimental data.
This, however, is not enough to explain the interaction of nucleons in
nuclei where they are bound and their effective mass is different than
for the free nucleons. The effect is introduced in the NN interaction
model as the off-the-mass-shell effect. In this work the inelastic NN
scattering is used to test descriptions of the effective nucleon mass.

1.1 Proton-proton (virtual) bremsstrahlung

The simplest3 way to address the issue of the off-shell nucleon behaviour
is to look at the bremsstrahlung production in the inelastic NN scatter-
ing. The original German term bremsstrahlung or breaking radiation
designates an electromagnetic radiation that originates from the de-
celerated motion of a charged particle. The photon produced in the
bremsstrahlung process is used as a probe for the off-the-mass-shell nu-
cleon in the NN interaction, or the other way around, the off-shellness
of the nucleon results in producing the photon. Fig. 1.1 shows the
Feynman diagrams representing the bremsstrahlung production in the
reaction N + N → N + N + γ , where a one boson exchange potential
(OBEP) is used to describe the NN interaction. The coupling between
photon and nucleon is a quantum electrodynamics (QED) process and
the vertex is evaluated in a so-called vector-meson dominance (VMD)
model which assumes that the photon couples to the nucleon through
a vector boson. As discussed further in this section, the modification
of the vertex due to the off-shell nucleon is regarded negligible.

3Other inelastic processes are also used to probe the off-shell nucleon behaviour, e.g.
ppπ0, but using the photon has an advantage that the photon couples to the nucleon via
the (weak) electromagnetic interaction. Pions and other mesons can interact with the
nucleon via the strong force which requires complicated final-state interactions to be taken
into account.

2



Introduction

γ π,η,ρ,ω,δ,σ

N

N

N

N

Figure 1.1: The leading order diagrams for the the N + N → N + N +
γ process; the emitted photon is coupled to the external legs. In the left-
most diagram exchanged mesons characteristic for the NN interaction are
indicated.

So far we were discussing the NN interaction in general, but there
are a few reasons why the pp scattering is from the experimental point
of view preferred to the pn scattering. First of all, the bremsstrahlung
production is a very weak process in comparison to the elastic scatter-
ing. To enhance the statistics a high luminosity is required, which is
partially realized through a high-density target. This consequently al-
lows one to achieve a better signal to background ratio by applying well
devised trigger conditions. High quality and high intensity polarized-
proton4 beams are today commonly available making the pp scattering
a better choice. Furthermore the detection of protons is considerably
simpler than the detection of neutrons.

From the physics point of view, the underlying model for the pp
system is simpler than for pn because only the neutral meson exchange
currents (MEC) are used in the OBEP and the photon is not coupled to
the neutral mesons. Also the E1 electric dipole radiation is forbidden
for the pp system.

In recent years, a substantial effort, experimental [Hui02, Sha04]
as well as theoretical [Kor95, Kor96, Mar97a, Mar97b], has been put
to address the bremsstrahlung production below the pion production
threshold. The cross sections and the analyzing powers obtained with
an unprecedented statistical accuracy by [Hui99] and [Sha04], have trig-
gered recent theoretical developments [Cos02, Sch02, Cos03]. Notice-
able is that the experimentally obtained accuracy allows for a high

4The polarized-proton beams are used to study the spin-dependence of the pn interac-
tion.

3



1.1 Proton-proton (virtual) bremsstrahlung

sensitivity to the predictions of the different models.
In addition to the real bremsstrahlung (ppγ final state), in which

the real photon is produced, one can study the virtual bremsstrahlung
(ppe+e− ), where the electron-positron (dilepton) pair (e+e−) is pro-
duced. The production of the dilepton pair, which is illustrated in
Fig. 1.2, is associated with the production of a virtual photon γ∗ −→
e+e− in the time-like region of 4-dimensional space time, where the
invariant momentum transfer squared q2 > 0. Compared to the real

e− e+

γ ∗

pp

pp

T

Figure 1.2: The general Feynman diagram illustrating the virtual
bremsstrahlung production. Here T designates the pp scattering T-matrix.

photon, the virtual photon has invariant mass M 2
γ = q2 > 0. Therefore,

it exhibits a transverse and a longitudinal polarization. A particularly
interesting property for this work is that the angular distribution of the
two leptons enables a decomposition of the cross section into six differ-
ent components, related to the polarization of the virtual photon. This
can be used to enhance the sensitivity to the specific amplitudes of the
reaction mechanism. One should note that the virtual bremsstrahlung
probes the nucleon electromagnetic form factor in the time-like region.
In addition, the massive photon causes a modification in the VMD
model of the electromagnetic coupling. However, for the energies of
this experiment with the virtual photon mass Mγ < 92 MeV, the effect
is estimated to be less than 2% in the cross section [Mes99], and it is
consequently disregarded.

In comparison to real bremsstrahlung, the cross section is even
smaller by a factor α = 1/137 and a higher luminosity is required.

4



Introduction

In the pilot experiment performed at the KVI by Messchendorp et

al. [Mes00], a first insight into the experimental study of the virtual
bremsstrahlung below the pion production threshold was gained. The
cross sections were obtained and the feasibility of a more detailed inves-
tigation was established. Overall, a valuable basis was created for the
experiment presented in this thesis. As a major improvement in com-
parison to the pilot experiment, the experimental setup was upgraded
by employing the Plastic Ball detector for the lepton detection. This
has resulted in much better coverage of the dilepton phase-space.

The pilot experiment has also triggered the development of theoret-
ical models describing the dilepton production. These models are usu-
ally developed as an extension of the real bremsstrahlung models. The
model based on the low-energy theorem (LET) [Low58] was developed
by Korchin and Scholten [Kor95] and subsequently extended [Kor96]
following the developments of the models of the real bremsstrahlung
production [Lio93]. The general characteristic of the models based on
the LET approximation is that the reaction amplitude is derived in
terms of the on-shell (elastic scattering) T-matrix. In this work we will
use two different approaches to the LET resulting in two different LET
models [Kor96]. Since we are using the Monte Carlo (MC) technique to
perform a phase-space integration, the advantage of the LET models is
that the calculation is fast and easy to evaluate.

Another type of calculation is the microscopic model developed by
Martinus et al. [Mar98]. The model is based on the fully relativistic
OBE Fleischer-Tjon potential [Fle74]. In this calculation a scattering
T-matrix contains the off-shell dynamics of the intermediate protons.
The photon coupling is made to the external and the rescattering dia-
grams. In addition, the meson exchange and the ∆-isobar contributions
are added pertubatively. The calculation enables the investigation of
contributions from all above mentioned mechanisms in an elegant way,
but, due to its high complexity, the evaluation of the calculation is
rather slow in comparison to the LET calculation, and, consequently,
not very suitable to be used in a MC approach. Therefore, it was not
employed in our work.

In comparison to the pilot experiment, where about 600 background-
free events were obtained, the analysis of the experiment has left us
with about 3500 background-free ppe+e− events from which the cross
sections were calculated. The main objective of this work was to extract

5



1.1 Proton-proton (virtual) bremsstrahlung

different response functions from the decomposition of the measured
cross section. An attempt for the extraction was already made in the
pilot experiment. In this thesis we present the results and discuss the
problems that one encounters in the study of virtual bremsstrahlung
production below the pion threshold.

Outline of this work

In chapter 2 the kinematics and dynamics of the ppe+e− reaction are
introduced. The differences of the two theoretical models used to de-
scribe our data are outlined. Chapter 3 is concerned with the Monte
Carlo approach/technique of the phase-space integration that was used
to compare results and to obtain predictions for the LET model cal-
culations. We also give a detailed description of the procedure for the
extraction of response functions. The experimental apparatus is ex-
plained in chapter 4. A setup comprising two independent detector
systems was employed in our experiment. The data analysis is ex-
plained in chapter 5. Finally, the results are presented and discussed
in chapter 6.

6



Chapter 2

Virtual bremsstrahlung
reaction

In this chapter we introduce the theoretical models that describe the
virtual bremsstrahlung process. The observables used to describe the
ppe+e− reaction are deduced and explained. The underlying models are
based on Low’s low energy theorem (LET), also known as soft-photon
approximation (SPA).

In the first part of this chapter we will introduce the accompanying
kinematics for the ppe+e− reaction. The dynamics of the reaction is
discussed in the the second part of the chapter.

2.1 ppe+e− reaction observables

The cross section for the p + p → p + p + e+ + e− reaction is given in
ref. [Kor95, Kor96] as:

σ =
m4

pm
2
l

(2π)8F

∫

|A|2δ4(p+q−p′−q′−k+−k−)
d3p′d3q′d3k+d3k−

Ep′Eq′Ek+
Ek−

. (2.1)

In this equation mp and ml are the masses of the proton and electron
(positron), respectively, p, q and p′, q′ are the 4-momenta of the protons
before and after the interaction, and k+, k− are the 4-momenta of the
leptons. The respective 3-momenta for all particles are given in bold
face, and the energy part of the 4-momentum is labelled with E. The
4-dimensional δ function enforces the 4-momentum conservation for the
reaction. The flux factor is F =

√

(pq)2 − m4
p, as given in [Itz80]. |A|2

7



2.1 ppe+e− reaction observables

is the square of the transition amplitude that is discussed in the next
section.

The transition amplitude contains information about the reaction
dynamics. The reaction kinematics is described by the remaining part
of the integral. The non-trivial integration of the final 4-body phase-
space is carried out in [Kor95, Kor96] analytically in a reduced form
where the solid angle of the outgoing particles was constrained. In
order to compare the results of measurements with the predictions of
the theoretical model, a numerical integration using a Monte Carlo
method was performed. An overview of the applied method will be
given in chapter 3.

2.1.1 Transition amplitude

Before we can evaluate the cross section, the matrix element of the
transition amplitude has to be calculated in an appropriate coordinate
system. In the analysis of the virtual bremsstrahlung the square of the
transition amplitude is obtained from the coupling of the nucleonic cur-
rent Jµ with the leptonic transition current jµ. The nucleonic current
leads to emission of the virtual photon (p + p → p + p + γ∗) while the
leptonic current describes the dilepton pair (γ∗ → e+ + e−) final state.
The coupling is described by the transition matrix element

|A|2 =
e4

M4
γ

|jµJµ|
2, (2.2)

where the factor 1
M4

γ
arises from the mass of the virtual photon in the

photon propagator. To develop this expression, a summation over the
lepton polarizations is performed. The square of the leptonic transition
current is given in terms of a leptonic tensor

Lµν =
∑

spins

jµjν∗ =
1

2m2
l

(kµkν − 4lµlν − M2
γgµν). (2.3)

The tensor is expressed in terms of the 4-momentum of the virtual
photon k = k+ + k− and the relative 4-momentum of the dilepton pair
l = 1

2
(k+ − k−). The metric tensor g follows the convention of [Itz80].

Using the current conservation condition kµJµ = 0 the transition am-
plitude squared, summed over the lepton polarizations, can now be

8



Virtual bremsstrahlung reaction

written as

|A|2 =
e4

M4
γ

LµνJµJ
∗
ν

=
e4

2m2
l M

4
γ

(

kµJµk
νJ∗

ν − 4lµJµl
νJ∗

ν − M2
γJνJ∗

ν

)

= −
e4

2m2
l M

4
γ

(

4|J · l|2 + M2
γ (J · J∗)

)

. (2.4)

The nucleonic transition current J is sensitive to the nucleon-nucleon
interaction and, to lesser extent, to the nucleon-photon vertex. The
modelling of J will be discussed in the last section of this chapter.

2.1.2 Response functions

The cross section for the p+p → p+p+e++e− reaction can be expressed
in terms of the so-called longitudinal-transverse (LT) decomposition, as
usually applied for electron-scattering, [Fru84]. The LT decomposition
is performed by separating the spatial part of the nucleonic current J
into longitudinal and transverse components with respect to the virtual
photon direction. In addition, the transverse component is further de-
composed into two components corresponding to left- and right-handed
circular-polarization of the virtual photon.

Following [Kor96], the LT decomposition is obtained in the coordi-
nate system where the virtual photon direction determines the OZ axis
(see Fig. 2.1). The reaction plane is given by the incoming proton di-
rection and the virtual photon direction. Fig. 2.1 depicts the described
coordinate system. As noticed in ref. [Kor95], the reaction plane is
ill-defined if the photon is emitted in the (opposite) direction of the
incoming proton.

The virtual photon appears as an electron-positron (dilepton) pair
with 4-momenta k+, k−. The virtual-photon momentum is given by k =
k+ + k− and the relative virtual-photon momentum by l = 1

2
(k+ − k−).

In the coordinate system of Fig. 2.1, the vector l has its direction
determined by the leptonic angles θl, φl. The polar and azimuthal angles
of l, θl and φl, are also called energy-sharing angle and dihedral angle,
respectively.

9



2.1 ppe+e− reaction observables

Mγ

θl

φl

π−θγ

x

z

y

o k

−

+p’q’

p

k

l

q

k

Figure 2.1: The coordinate system used in the LT-decomposition of the
reaction amplitude |A|2. The incoming and outgoing particles in the p+p →
p + p + e+ + e− reaction are shown; incoming momenta of proton p, target
proton q, outgoing protons p′ and q′. The outgoing virtual photon k with
mass Mγ appears as a dilepton pair, i.e. electron k− and positron k+. The
angles θl and φl are the polar and azimuthal angle of the relative momentum
l of the dilepton pair in the given coordinate system. Note that the reaction
plane is determined by the incoming proton and outgoing virtual photon,
whereas the dilepton plane is spanned by the outgoing lepton momenta.
Also shown is the polar angle θγ of the virtual photon in the lab frame.

The LT decomposition is now given by:

|A|2 =
e4

2m2
l M

2
γ

{

WT

(

1 −
2l2

M2
γ

sin2 θl

)

+ WL

(

1 −
4l2

k2
0

cos2 θl

)

+
2l2 sin2 θl

M2
γ

(WTT cos 2φl + W ′
TT sin 2φl)

10



Virtual bremsstrahlung reaction

+
2l2 sin 2θl

k0Mγ

(WLT cos φl + W ′
LT sin φl)

}

. (2.5)

The above equation is defined using the transversal WT, longitudinal
WL, and interference Wi, i = TT, TT′, LT, LT′ response functions (RF).
The response functions Wi in Eq. (2.5) are given by:

WT = JxJ
∗
x + JyJ

∗
y

WL =
M2

γ

k2
0

|Jz|
2

WTT = JyJ
∗
y − JxJ

∗
x

W ′
TT = −2Re(JxJ

∗
y )

WLT = −2
Mγ

k0

Re(JzJ
∗
x)

W ′
LT = −2

Mγ

k0

Re(JzJ
∗
y ), (2.6)

where Re() takes the real part of the expression.

2.1.3 Cross section for the ppe+e− reaction

The cross section Eq. (2.1) can be integrated over the leptonic degrees
of freedom using the LT decomposition Eq. (2.5). We start by writing
Eq. (2.1) in a differential form

dσ =
m3

pm
2
l

(2π)8|p|
|A|2Pppe+e− , (2.7)

where the flux factor F =
√

(pq)2 − m4
p = mp|p|. The phase-space term

Pppe+e− in this equation is

Pppe+e− = δ4(p + q − p′ − q′ − k+ − k−)
d3p′d3q′d3k+d3k−

Ep′Eq′Ek+
Ek−

. (2.8)

The integration over the momenta of the dilepton pair is performed
by introducing the virtual photon with a 4-momentum given by k =
k+ + k−, that is used to split the δ function in Eq. (2.8)

δ4(p + q − p′ − q′ − k+ − k−) =

=
∫

δ4(p + q − p′ − q′ − k)δ4(k − k+ − k−)d4k

=
∫

δ4(p + q − p′ − q′ − k)δ4(k − k+ − k−)d3kdk0. (2.9)

11



2.1 ppe+e− reaction observables

Using the invariant mass Mγ =
√

k2
0 − k2 of the virtual photon and

equation Eq. (2.8), the phase-space term Eq. (2.9) can be written as

Pppe+e− = PppγPe+e−MγdMγ, (2.10)

where

Pppγ = δ4(p + q − p′ − q′ − k)d3p′d3q′d3k

Ep′Eq′k0

= δ4(p + q − p′ − q′ − k)
p′2dΩp′dp′q′2dΩq′dq′k2dk sin θγdθγdφγ

Ep′Eq′k0
, (2.11)

and

Pe+e− = δ4(k − k+ − k−)
d3k+d3k−

Ek+
Ek−

. (2.12)

The dilepton phase-space term Pe+e− is evaluated in the rest frame of
the virtual photon, ref. [Nec94], which results in

Pe+e− =
β

2
d cos ϑdϕ, (2.13)

where β =
√

1 − 4
m2

l

M2
γ

is the lepton velocity in the virtual photon rest

frame. The angles ϑ and ϕ are the polar and azimuthal angle of the
relative momenta of the dilepton pair in the rest frame of the virtual
photon. Using the above expression we can integrate the leptonic part
in Eq. (2.7). To do so, the square of the transition amplitude |A|2 has to
be decomposed in terms of Eq. (2.13). The longitudinal-transverse (LT)
decomposition of |A|2 in the lab frame given in Eq. (2.5) is Lorentz-
transformed into the rest frame of the virtual photon

|A|2 =
e4

2m2
l M

2
γ

{

WT

(

1 −
1

2
β2 sin2 ϑ

)

+ WL

(

1 − β2 cos2 ϑ
)

+
1

2
β2 sin2 ϑ(WTT cos 2ϕ + W ′

TT sin 2ϕ)

+
1

2
β2 sin 2ϑ(WLT cos ϕ + W ′

LT sin ϕ)
}

. (2.14)

|A|2 is further integrated over the leptonic angles ϑ and ϕ

∫

|A|2d cos ϑdϕ =
2πe4

m2
l M

2
γ

(

1 −
1

3
β2
)

(WT + WL). (2.15)
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Virtual bremsstrahlung reaction

Using e2 = 4πα, WS = WT + WL, Eq. (2.11), and the result of the
above integration, the 6-fold differential cross section is obtained from
Eq. (2.7)

dσ

dΩp′dΩq′dMγdθγ

= Jγ∗

α2m3
pβ(1 − 1

3
β2)

16π5|p|Mγ

WS. (2.16)

The Jacobian Jγ∗ for p + p → p + p + γ∗ is given by

Jγ∗ =
∫

δ4(p + q − p′ − q′ − k)
p′2d|p′|q′2d|q′|k2d|k| sin θγdφγ

Ep′Eq′k0

. (2.17)

An analytical expression for Jγ∗ can be found in [Kor95].

2.2 Extraction of response functions from mea-
sured cross section

The main topic of this thesis is the analysis and interpretation of the
response functions defined in Eq. (2.6). The extraction of RFs from the
measured p + p → p + p + e+ + e− reaction is explained in chapter 3.
Here we discuss the feasibility of extraction in general.

Eq. (2.5) gives us an idea how to obtain different response functions
from the measured cross section. Since RFs are independent of the
leptonic degrees of freedom (θl and φl), we can exploit the particular
functional dependence on θl and φl of the sum in Eq. (2.5). Each
of the interference RFs enters the sum as a product with orthogonal
sine/cosine harmonics of the dihedral angle φl. Therefore we can weight
each event with the appropriate harmonic to integrate out all other RFs
and obtain the desired one. For example, to obtain WTT each event has
to be weighted with cos 2φl. For the above procedure to work well, the
φl has to be covered in its full range (0-2π).

In order to probe the transversal WT and the longitudinal WL re-
sponse functions the integration over the full range of φl is performed
and the interference RFs drop out. The remaining transversal and lon-
gitudinal RFs are then separated by using the energy-sharing angle θl.
In principle it is possible to disentangle WT and WL if sufficient statis-
tics is available. In our case we constrain ourselves to two regions of θl

chosen in such a way that in the first region θl < 40◦ the WT signal is
enhanced in comparison to WL, and the opposite occurs in the second
region. Obviously from Eq. (2.5), for the extraction of WT and WL we

13



2.3 Models

cannot use the orthogonality property of the spherical harmonics that
we use to extract the interference RFs.

In our experimental setup we were not able to distinguish between
electrons and positrons. This ambiguity is reflected in the choice of the
direction of the relative dilepton momenta l = 1

2
(k+−k−), or rather, as

a certain transformation of the leptonic angles. By interchanging two
leptons the leptonic angles will be reflected in the following way

φl → φl + π

θl → π − θl. (2.18)

As it can be seen by substitution of the above expressions into Eq. (2.5),
|A|2 remains unaltered, thus, the choice of the lepton charge and the
direction of l is for our purpose arbitrary. Note that this consideration
holds as long as the multiplicity of the detected leptons is two.

2.3 Models

In this section we will present the theoretical models for the virtual
bremsstrahlung, which are an extension of the models used to describe
the real bremsstrahlung process. There are two distinctive approaches
in the description of the bremsstrahlung process which are refered to as
the microscopic and the macroscopic approach. The microscopic model
calculation was used to compare the results of the pilot experiment
[Mes99] and was developed by Martinus et al. [Mar98]. It is based
on the OBE potential developed by Fleischer and Tjon [Fle74]. In
the meantime an improved version of this potential has been published
[Cos04]. For the present work, the macroscopic model calculation in
the following subsection was adopted and used for comparison to the
data.

2.3.1 The low-energy theorem

The macroscopic calculation used is based on the low energy theorem
(LET), first proved by Low [Low58]. The theorem states that it is
possible to evaluate a gauge-invariant amplitude Jµ in an expansion in
the photon energy k0 in such a way that the first two coefficients are
given solely in terms of the on-the-mass-shell nucleon-nucleon phase

14



Virtual bremsstrahlung reaction

shifts and the on-shell NN electromagnetic vertex:

Jµ =
Aµ

k0

+ Bµ + Cµk0 + O(k2
0). (2.19)

The approximation suggested by the theorem, in which only the first
two (model independent) terms of the above expression are regarded, is
also known as the soft-photon approximation (SPA). However, only the
terms of order k0 and higher are related to the off-shell properties of the
NN interaction. Therefore, we have to go beyond the region of validity
of the SPA to address the off-shell effects. For the case of the virtual
bremsstrahlung1 the situation is somewhat different because even for
a vanishing photon momentum k the virtual photon mass Mγ 6= 0,
which means that the intermediate nucleon is always in the off-shell
state [Kor95].

By comparing the pp and pn scattering we notice that cancelation in
four external legs for the pp scattering suppresses the lowest-order term
in Eq. (2.19), Aµ. In the pn scattering the dominant electric dipole
radiation (E1) has a strength of the order 1/k0, which substantially
decreases the sensitivity of the bremsstrahlung process to the model
dependencies. This makes the pp scattering advantageous in the study
of the ppγ reaction.

2.3.2 The virtual Low approach

In order to adapt the original Low’s theorem to the virtual photon
production, modifications were made in order to preserve the gauge-
invariance of the reaction amplitude. The reaction amplitude for the
LET calculation is expressed in terms of the on-shell NN T -matrix,
which is deduced from the elastic scattering, and the static properties
of the nucleon (mass, charge, and anomalous magnetic moment). Nev-
ertheless, an ambiguity appears in the construction of the LET models,
depending on the choice of the independent variables at which the on-
shell T -matrix is evaluated. It was shown by [Lio93] for the case of
the real photon that the ambiguity results in the introduction of two
different classes of LET models.

Two different LET models have been evaluated in [Kor96] for the
case of virtual photon production. The approach based on the original

1For the real photons the LET becomes model dependent only at higher energies.
Contrary, for the virtual photon the LET calculation is model dependent.
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Low theorem [Low58] for the real photon production and adapted for
virtual photons is designated as the Virtual Low approach (VL). The
other approach based on the propositions presented by Liou, Lin and
Gibson in [Lio93] will be refered to as LLG approach. Both LET calcu-
lations used in this thesis are based on the T-matrix obtained from the
Bonn potential [Mac96]. According to the LET the difference between
two models appears in the order of k0, the photon energy.

A general principle for the construction of the total reaction am-
plitude Jµ for the bremsstrahlung production is as follows; first, an
external amplitude J ext

µ is calculated from the leading order contribu-

tions. The total amplitude Jµ = Jext
µ + J int

µ is obtained by requiring
current conservation, kµJ

µ = 0. The internal amplitude obtained by
this requirement actually represents the higher order contributions (like
the meson-exchange and the rescattering diagrams that are included
explicitly in a microscopic model).

From the leading-order diagrams for the real bremsstrahlung, as
shown in Fig. 1.1, the external amplitude is obtained [Kor95]

Jext
µ = T (p′, q′; p − k, q)S0(p − k)Γµ(p − k, p)

+ Γµ(p′, p′ + k)S0(p
′ + k)T (p′ + k, q′; p, q) + (1 ↔ 2),(2.20)

where exchange (1 ↔ 2) implies exchange between first and second
nucleon: p → q and p′ → q′. In the above, T is the half-off-shell T-
matrix and S0(p) = (/p − m + i0)−1 is the bare nucleon propagator. Γµ

is the reducible half-off-shell NNγ vertex function. Here we will not
go into details of the derivation of Γµ, which are given in [Kor95]. The
right-side of the expression Eq. 2.20 is sandwiched between the nucleon
spinors in the initial u(p)u(q) and the final ū(p′)ū(q′) state.

It turns out that condition kµJ
µ = 0 is satisfied if J int

µ obeys the
relation

kµJ int
µ = e(T (p′, q′; p − k, q)ê1 − ê1T (p′ + k, q′; p, q) + (1 ↔ 2), (2.21)

where ê1 = (1 + τz(1))/2, τz being the nucleon isospin operator. To
evaluate the external amplitude Eq. 2.20 the half-off-shell T-matrix
is approximated by an expansion around the on-shell T-matrix T0 =
T (p′, q′; p, q) , up to first order in k0, or Mγ in the virtual photon rest-
frame. Here we quote the final result for the total amplitude Jµ from
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[Kor95]:

Jµ = e

[

p′µ
kp′

ê1T0 −
pµ

kp
T0ê1 + Dµ(p′)ê1T0 + Dµ(p)T0ê1

−
i

2m

(

σµνk
ν /p′ + m

2kp′
κ̂1T0 − T0κ̂1

/p + m

2kp
σµνk

ν

)

+

(

γµ/k

2kp′
ê1T0 + T0ê1

/kγµ

2kp

)

−

(

p′µ
(kp′)2

ê1T0 +
pµ

(kp)2
T0ê1

)

k2

2
+ (1 ↔ 2)

]

, (2.22)

where κ̂ = 1
2
(1 + τz)κp + 1

2
(1 − τz)κn, κp = 1.79 and κn = −1.91

are the anomalous magnetic moment of the proton and the neutron,
respectively, and

Dµ(p) =
pµ

kp
kν ∂

∂pν
−

∂

∂pµ
. (2.23)

The difference compared to the real photon case is in the last term of
Eq. (2.22), which vanishes in the limit of the real photon k → 0.

The calculation of the reaction amplitude is connected with a choice
of the independent Mandelstam variables e.g. s, t or u, t at which the
T-matrix is evaluated. We can define the set of Mandelstam variables
used to evaluate T0 as

s1 = (p + q)2, s2 = (p′ + q′)2

t1 = (p − p′)2, t2 = (q − q′)2

u1 = (p − q′)2, u2 = (q − p′)2.

In Low’s original work the on-shell T-matrix is evaluated at T0(s̄, t̄)
where s̄ = (s1 + s2)/2 and t̄ = (t1 + t2)/2. However, when the LET
is applied at some finite value of k it turns out [Lio93] that s1 6= s2,
t1 6= t2, and u1 6= u2. For the derivation of a LET amplitude a set
of independent variables t, s or t, u has to be chosen, and the point at
which the T-matrix is going to be evaluated has to be defined.

2.3.3 The Liou-Lin-Gibson approach

The idea for the LLG model is based on the OBE tree-level expan-
sion of the on-shell T-matrix. Two different approximations can be
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distinguished [Lio93]: the expansion of the on-shell T-matrix into s-
and t-type diagrams, and the expansion into u- and t-type of the OBE
diagrams. An illustration of the two expansions is shown in Fig. 2.2.
The corresponding expansions T0(s, t) and T0(u, t) lead to two different

   n
=  Σ

Cn

p’ q’

p q

   j
+  Σ

Ej

q’ p’

p q

q’p’

To(u,t)

qp

To(s,t)

p’ q’

p qq

Di

p’ q’

p q

   i
+  Σ

Cn

p’ q’

p q

   n
=  Σ

(t) (s)

(t) (u)

Figure 2.2: Illustration of the tree-level expansion: top T0(s, t) expansion
and bottom T0(u, t) expansion. T0 designates the pp elastic scattering T-
matrix.

classes of the modified LETs. It is assumed that the T0(s, t) expansion
is more suitable for the processes in which the s-channel is important,
e.g. for the resonance production processes. In the meson-exchange
type of process the u-channel is better suited. In the LLG model used
in this work, the (u,t) expansion was applied.

The evaluation of the external amplitude for the real photon [Lio93]
in the pp system is obtained by coupling the photon to each external
leg of the u and t OBE diagrams. This results in an expression in
which the T-matrix is evaluated at different combinations of u and t:
T0(u1, t1), T0(u1, t2), T0(u2, t1), and T0(u2, t2), which is in contrast to the
original Low approach in which the T-matrix is evaluated at averaged
values T0(s̄, t̄). An obvious difference to the original Low approach is
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that the produced amplitude is free from the derivatives of the on-shell
T-matrix, which have been replaced by finite differences.

The internal amplitude in the LLG model is obtained by coupling a
photon to the intermediate boson from the OBEP. It can be expressed
in terms of T0(u1, t1), T0(u1, t2), T0(u2, t1), and T0(u2, t2) [Bro83, Lio93,
Kor96]. In the pp scattering where the exchange includes only the
neutral mesons, this term is canceled. Similar to the original LET
calculation, in order to obtain a gauge-invariant total amplitude, the
gauge term Jgauge

µ is introduced into the total reaction amplitude Jµ =

Jext
µ + J int

µ + Jgauge
µ . The total amplitude is calculated from the current

conservation criteria.
For real photons (k2 = 0) the choice of averaged Mandelstam vari-

ables results in a constant s̄ + t̄ + ū = 4m2 + 1
2
k2, contrary to vir-

tual bremsstrahlung (k2 = M2
γ ). In references [Kor95, Kor96] it is

demonstrated that the Pauli principle for pp is violated if the averaged
Mandelstam variables are used. Instead, the amplitude should be anti-
symmetric under the interchange of protons in the initial and the final
state

〈ū(p′)ū(q′)|jµJµ|u(p)u(q)〉 = −〈ū(p′)ū(q′)|jµJµ|u(q)u(p)〉

= −〈ū(q′)ū(p′)|jµJµ|u(p)u(q)〉(2.24)

The violation is caused by the property of the T-matrix: T0(s̄, t̄) =
−T0(s̄, t̄−

1
2
k2). By the original choice of averaged Mandelstam variables

the symmetry would be violated in terms of order k2. By choosing t̄ and
ū as independent variables one would cure this problem but that would
violate the crossing symmetry2. The unique choice of the Mandelstam
variables which do not violate above symmetry principles turns out to
be

ŝ = s̄ −
k2

6
, t̂ = t̄ −

k2

6
, û = ū −

k2

6
. (2.25)

From ŝ+t̂+û = 4m2, independently of the choice of the two independent
variables, both crossing symmetry and Pauli principle will be fulfilled.

2.3.4 Comparison between VL and LLG model

In Fig. 2.3 we demonstrate consequences of the LET approach by show-
ing the difference between the two models. When the virtual photon

2The crossing symmetry relates the pp and pp̄ reactions.
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Figure 2.3: The differential cross section for the p + p → p + p + e+ +
e− reaction as function of the polar angle θγ of the virtual photon. The
calculation is parameterized by the lab angles of protons θ1 and θ2 with φ1 =
0◦ and φ2 = 180◦ (coplanar kinematics), and the polar angle of the virtual
photon θγ and its invariant mass Mγ . Two different sets of parameters are
chosen to illustrate the model differences. The top panel with θ1 = 8◦ and
θ2 = 16◦ illustrates the situation far from elastic scattering where the virtual
photon momentum k can have a large variation and therefore the model
differences are substantial. The bottom panel demonstrates the situation
where protons are close to the elastic limit (θ1 = 35◦ and θ2 = 45◦). The
small photon momentum causes both calculations to fold to the same result.

momentum k is constrained to a small value, one can hardly observe
any difference between VL and LLG model. As soon as the reaction
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kinematics allows the phase-space for the larger photon momentum, a
difference starts to appear. Fig. 2.4 demonstrates that this difference
is more pronounced for the larger virtual photon invariant mass, i.e.
larger k.
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dσ
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1dΩ
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γ  [
nb

/s
r2  ra

d 
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eV
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LLG

θ1=8o,θ2=16o,θγ=110o

θ1=35o,θ2=45o,θγ=110o

Figure 2.4: The differential cross section for the p + p → p + p + e+ +
e− reaction as function of the invariant mass Mγ of the virtual photon.
The parameters for proton angles are identical to those in Fig. 2.3 and
θγ = 110◦. The top panel shows that we can observe a difference between
the models, and this difference will be more pronounced at higher Mγ . In
case of parameters close to the elastic limit (bottom panel) the difference
between the models vanishes.

The set of parameters used to obtain the response functions shown
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Figure 2.5: The set of six response functions defined by Eq. 2.5, calculated
for both the VL and LLG models, and presented as functions of the invariant
mass Mγ .
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in Fig. 2.5 is similar to the one used to obtain the cross section shown
in Fig. 2.4, apart from the fact that the non-coplanarity angle ∆φ =
π− (φp2

−φp1
) was set to ∆φ = 20◦. In both Figs. 2.3 and 2.4 we have

used the calculations for the coplanar kinematics, ∆φ = 0◦. Due to
the symmetry properties of the response functions [Kor96] both W ′

TT

and W ′
LT vanish in case of the coplanar kinematics. The difference

between the two models for different RFs is clearly observed. The most
striking difference is shown in the calculation of WL where the LLG
model predicts a large contribution at the higher invariant masses Mγ .
Note that the LLG model gives an overall larger estimate of the cross
sections as well.

23



2.3 Models

24



Chapter 3

The Monte Carlo modelling
of the ppe+e− reaction

Once the data is obtained a comparison with theoretical predictions has
to be made. This means that the data, or rather observables extracted
from the data, have to be compared to the calculations on an equal
footing. For example, for a differential cross section the bin size of the
data should match the resolution of the experimental setup and the
calculation should be performed at the centroid of the data bin. How-
ever, if the data are integrated over the acceptance of the experimental
setup, it might become difficult to make an exact analytical integration
of the theory that would be directly comparable with the data.

In this work, the data are integrated over the acceptance of the
experimental setup. To make a fair comparison to theory, we decided
to employ the Monte Carlo technique for the phase space integration.
This approach allows us to treat the theoretical calculations in the
same way as the data. The calculation is performed on an event-by-
event basis, where events are generated by an event generator. For each
generated event observing the 4-body final-state kinematics the set of
observables is calculated, so any observable can be used independently
within the set of all generated events.

In the remainder of this chapter we will explain the event generation
and the phase-space integration.
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3.1 Monte Carlo event generator

3.1 Monte Carlo event generator

The event generator GENBOD is a common tool and supplied as a
user callable subroutine in the CERN Program Library [CPL92]. In
this subsection we mainly follow the reference [Jam68], in which the
problem of the phase-space Monte Carlo is addressed by the author
of GENBOD. We will outline the procedure how the phase-space inte-
gration is performed by using the Monte Carlo technique, since this is
crucial for the comparison between the experimental results and theory.

The expression for the cross section of the reaction pa + pb = P →
p1 + . . . + pn can be written in an integral form [Byc73]

σ =
1

F

∫

|A(pi)|
2δ4





n
∑

j=1

pj − P





n
∏

i=1

δ(p2
i − m2

i )d
4pi, (3.1)

where F denotes the flux factor. The first δ function enforces the con-
servation laws and the second δ function requires all outgoing particles
to be on their mass shell. The dynamics of the reaction is given by the
matrix element A(pi) = 〈p1, . . . , pn|A|pa, pb〉. If we put the square of
the matrix element |A|2 = 1 and neglect the flux factor, the phase-space
integral is obtained

Rn(P ) =
∫

δ4





n
∑

j=1

pj − P





n
∏

i=1

δ(p2
i − m2

i )d
4pi (3.2)

=
∫

δ4





n
∑

j=1

pj − P





n
∏

i=1

(

d3pi

2Ei

)

. (3.3)

The above phase-space integral is Lorentz-invariant and therefore it
can be used in any reference frame. Based on the physical picture of
sequential decays, the recursive formula that enables us to express Rn

in terms of Rn−1 was derived by [Sri58]. It is obtained by splitting the
first δ function in Eq. (3.3):

Rn(P ; m1 . . . mn) =
∫







∫

δ4





n−1
∑

j=1

pj − (P − pn)



 ·

·
n−1
∏

i=1

δ(p2
i − m2

i )d
4pi

}

δ(p2
n − m2

n)d4pn

=
∫

Rn−1(P − pn; m1 . . . mn − 1)
d3pn

2En
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Note that Rn(P ) depends solely on P 2 = (pa + pb)
2, and similarly

Rn−1(P − pn) on (P − pn)2 = M2
n−1, i.e. on the invariant mass of the

system of particles that are integrated.
By splitting the δ function in the phase-space integral

δ4





n
∑

j=1

pj − P



 =
∫

d4Plδ
4



Pl −
l
∑

j=1

pj



 δ4





n
∑

j=l+1

pj − (P − Pl)



 ,

(3.4)
we obtain the splitting expression for integral Eq. (3.3):

Rn(P ; m1 . . . mn) =
∫ ∞

0
Rn−l+1(P ; Ml,ml+1 . . . mn)Rl(Pl; m1 . . . ml)dM 2

l ,

(3.5)
where

1 =
∫ ∞

0
δ(P 2

l − M2
l ) (3.6)

was inserted to enable integration over the additional variable Pl. Ml

represents the invariant mass of the system of l particles with 4-momentum
Pl. The limits of the integration for the above integral are actually given
by the masses of the outgoing particles:

(

l
∑

i=1

mi

)2

≤ M2
l ≤



Mn −
n
∑

i=l+1

mi





2

. (3.7)

By applying Eq. (3.5), the recursive formula for the n-body phase-space
integration becomes

Rn =
∫

dM2
n−1 · · ·

∫

dM2
2

n−1
∏

i=1

R2(Mi+1; Mi,mi+1), (3.8)

where the invariant two-body phase-space factor R2 reads

R2(Mi+1; Mi,mi+1) =
2π

Mi+1

√

√

√

√Mi+1 +

(

M2
i − m2

i+1

Mi+1

)2

− 2(M 2
i + m2

i+1).

(3.9)
Finally, we obtain the expression for the phase-space integral

Rn =
1

m1

∫

· · ·
∫ n−1
∏

i=1

(2MiR2(Mi+1; Mi,mi+1))dMn−1 . . . dM2. (3.10)
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By employing the splitting relation Eq. (3.5) the n-body phase-space
integral is replaced by a product of n − 2 two-body integrals. Fig. 3.1
illustrates how this is realized in the case of a four-body production.
The integral (3.10) can be evaluated only if the boundaries of the in-

m4 m3 m2

M2M3M4
m1

Figure 3.1: The figure illustrates the particle production in case of 4-
particles. The invariant mass M4 is the mass of the system of four particles
in their center of mass reference frame. From M4 the particle with mass
m4 and invariant mass M3 of the remaining system of three particles are
generated. M3 generates m3 and M2, from which in turn m2 and m1 are
produced. At each step two-body isotropic decay takes place in the center
of mass frame of the given system of particles.

tegration are known. The physical limits of the integration for any Mj

are

Mj−1 + mj < Mj < Mj+1 − mj+1. (3.11)

The above condition implies interdependence of the integration bound-
aries. However, for the Monte Carlo integration each Mj has to be
chosen independently (randomly), which means that the following con-
dition has to be obeyed:

j
∑

i=1

mi < Mj < Mn −
n
∑

i=j+1

mi, (3.12)

where Mn is the total energy of the system in the rest frame. By
choosing

Mj = rj



Mn −
n
∑

i=j+1

mi



+
j
∑

i=1

mi, (3.13)

where rj are random numbers uniformly chosen in the interval 〈0, 1〉,
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The Monte Carlo modelling of the ppe+e− reaction

and by ordering random numbers in ascending order

0 < r2 < . . . < rj < . . . < rn−1 < 1, (3.14)

we satisfy condition Eq. (3.12). This means that for any initial set of
random numbers by ordering them we are able to generate a set of
invariant masses that will fall into the physical region for a particular
reaction.

Only n − 2 variables are used to fix the invariant masses for a par-
ticular event. The other 2n − 2 variables are chosen in the rest frame
of each invariant mass Mj at which R2 is evaluated in such a way
that an isotropic angular distribution is generated. This is obtained
by choosing polar and azimuthal angles in the rest frame uniformly in
0 ≤ φ < 2π and 0 ≤ cos2 θ < 1. In order to obtain a correct description
of the event, the momenta of previously generated particles have to be
Lorentz-transformed to the rest frame of the system of particles Mj

each time the R2 is evaluated.
The event generator GENBOD is based on an algorithm that em-

ploys Eq. (3.10) and implements the procedure described above.

3.1.1 Weighting of Monte Carlo events

Although each generated event is kinematically correct in the sense
that energy and linear momentum conservation laws are satisfied, the
phase-space density is not exactly reproduced. This is a consequence
of making the event generator efficient, i.e. each and any set of random
numbers generated produces a kinematically valid event. Therefore,
generated events have to be treated in a particular way to assure that
the proper phase-space distribution will be satisfied. This is realized by
giving to each event the weight that is proportional to the value of the
phase-space integral. Each event has an associated phase-space weight

w(Mn,mj) =
n−1
∏

i=2

(MiR2(Mi+1; Mi,mi+1)) R2(M2; m1,m2). (3.15)

For any particular generated event, at a given center of mass energy,
there is a maximum weight wmax that such an event can take. We can
deduce the maximum weight from the above expression by rewriting it
as

w =
1

M1

n−1
∏

i=1

(MiR2(Mi+1; Mi,mi+1))
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3.1 Monte Carlo event generator

=
1

Mn

n−1
∏

i=1

(Mi+1R2(Mi+1; Mi,mi+1)) .

The product takes the maximum value when each of the factors is
maximized

Mi+1 = Mn −
n
∑

j=i+2

mj, (3.16)

and the minimum is obtained for

Mi =
i
∑

j=1

mj. (3.17)

The maximum weight wmax is used to normalize the event weight (w →
w/wmax) in order to keep the cross section constant.

For some purposes it might be beneficial to use unweighted events.
These are generated by choosing a random number r in the interval
〈0, wmax〉 and comparing the actual weight w of the event to it. If
w ≥ r, the event is accepted with weight w = 1.

3.1.2 Monte Carlo spectra

The events generated by the event generator are treated in a similar
way as the experimentally obtained data. The generated events can
in principle be made as close as possible to the experimental events
by employing for example a simulation software (e.g. the GEANT3
simulation package [GEA93]) tuned to the experimental conditions.

Having an appropriate set of events we can calculate observables
under the same conditions as for the experimental data. If, for exam-
ple, we want to investigate the cross section σ dependence on some
kinematical parameter x, it can be obtained as

dσ

dx
=

d

dx

∫

dR|A|2 = f(x). (3.18)

In the Monte Carlo method, the integration becomes a discrete sum

f(x) = lim
∆x→0

1

∆x

∑

i

Ri|A|2i , (3.19)

which means that the possibly complicated analytical integration of
Eq. (3.18) is replaced by a simple addition in Eq. (3.19). We only need
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The Monte Carlo modelling of the ppe+e− reaction

to know the value of the phase-space integral Ri and the value of the
matrix element squared |A|2i of each evaluated event.

However, sufficient statistics is needed, in particular in the limit
∆x → 0. Actually, to compare spectra produced by Monte Carlo to
the experimental results one would match the bin size ∆x at least to
the experimental bin size or, rather, to the resolution of the experimen-
tal setup. In that way the correspondence between compared spectra
(experimental and Monte Carlo) is achieved.

3.1.3 Monte Carlo errors

For a set of N events the estimate for the integral over the bin of unit
width is

W =
1

N

n
∑

i=1

wi ± ∆W = 〈W 〉 ± ∆W, (3.20)

where summation of the event weights wi is performed over all n events
within the bin. The estimate for the error ∆W is then:

∆W =

√

σ2

N
=

√

√

√

√

1

N(N − 1)

n
∑

i=1

(wi − 〈W 〉)2

=

√

√

√

√

1

N(N − 1)

(

n
∑

i=1

w2
i − N〈W 〉2

)

=

√

√

√

√

1

N(N − 1)

(

n
∑

i=1

w2
i −

1

N
(

n
∑

i=1

wi)2

)

. (3.21)

For large N the second term in Eq. (3.21) can be neglected, resulting
in:

W =
1

N

n
∑

i=1

wi ±
1

N

√

√

√

√

n
∑

i=1

w2
i (3.22)

If all weights are equal, we can obtain from the above equation the
relative error ∆W/〈W 〉 within the bin to be a well-known Poisson-

distribution error
√

1/n. Contrary, if any event has the weight sub-
stantially larger than the rest of the set, the error will be dominated by
that weight. The consequence for the Monte Carlo technique to work
is that the weights used have to be finite, and that a sufficient amount
of events within the integration bin has to have a weight larger than
zero.

31



3.2 Monte Carlo implementation

3.2 Monte Carlo implementation

The Monte Carlo integration is implemented in the following way. The
event generator GENBOD is used to generate kinematically correct
and properly phase-space distributed ppe+e− events. The kinematics of
the generated events was used as an input for a particular calculation.
For each event the transition amplitude squared |A|2 was calculated
together with other observables, including all response functions. By
knowing |A|2 it is possible to calculate the cross section σ as defined in
Eq. (3.1).

The implementation can be presented as a set of successive steps:

• generate a kinematically allowed ppe+e− event using the GEN-
BOD event generator; the kinematics and the phase-space weight
w are produced,

• use the kinematics as input for the particular model calculation;
the matrix element squared |A|2 and response functions are cal-
culated,

• obtain the total weight w · |A|2 of the event as the product of the
phase-space weight and the matrix element squared,

• impose the experimental acceptance on the generated events by
applying selection criteria on the variables measured by the ex-
periment,

• perform the Monte Carlo integration using the remaining set of
events.

To calculate the cross section by Monte Carlo integration we use
the following equation:

σ =
∫

∆Ω

dσ

dΩ
= C

∑

i wi · |A|2i
∆Ω · N

. (3.23)

The summation is performed over all events falling into the solid an-
gle bin of interest ∆Ω, where N stands for the number of all events

generated. The constant C =
norm·m4

p

32π6F
includes an additional nor-

malization factor norm that is conveniently determined by the com-
parison with an exact calculation. Fig. 3.2 illustrates the result of
such an integration. The calculation is performed with parameters
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Figure 3.2: The Monte Carlo integration: the cross section calculated by two
LET calculations for the ppe+e− reaction (full and dashed lines) is compared
to the values obtained by the MC integration. The error bars are indicating
the statistical error of the MC integration.

θp1
= 8◦, θp2

= 10◦, θγ∗ = 130◦, ∆φ = 20◦, for varying Mγ. The sizes of
the integration bins for θp1

, θp2
, θγ∗ , ∆φ, and Mγ are ±1◦,±1◦,±1◦,±2◦,

and ±5 MeV, respectively, while the LET calculation is performed at
the center of the bin.

The error bars indicate the statistical errors of the Monte Carlo in-
tegration. However, one should bear in mind Eq. (3.19) which indicates
that the bin size should be chosen as small as possible in order to allow
the comparison to an exact calculation performed for a discrete set of
parameters. By performing the integration over the finite range (bin
size) we are including into the result of the MC integration contribu-
tions from different kinematics which are all weighted by the proper
phase-space weight.

In that sense, the comparison of the exact calculations and the MC
integrated data points shown in Fig. 3.2 assures us that events gener-
ated by the event generator GENBOD are properly weighted.
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3.2 Monte Carlo implementation

3.2.1 Extraction of the RFs from generated events

The main topic of this work is the investigation of the response functions
for the ppe+e− reaction exploiting the particular decomposition of the
matrix element in Eq. (2.5). In order to compare the response functions
(defined in Eq. (2.6)) extracted from the measured cross sections to the
theory, the Monte Carlo integration of the latter has to be performed.
The purpose of the MC integration is to enable a simple incorporation
of all relevant constraints, imposed by our experimental setup, into the
extraction of the response functions from the theoretical calculations.
Here we demonstrate how the extraction is performed.

We can write the cross section from Eq. (2.7) as

σi = C
∑

i

Ri|A|2i , (3.24)

where the constant C =
m3

pm2
l

(2π)8|p|
. The phase-space integral Ri is calcu-

lated by the method described in section 3.1, and the transition matrix
squared can be written as (see Eq. (2.5))

|A|2i ∝ fTi
WTi

+ fLi
WLi

+ fTTi
(WTTi

cos 2φli + W ′
TTi

sin 2φli)

+ fLTi
(WLTi

cos φli + W ′
LTi

sin φli).

In the above equation we have used

fT =
1 − 2l2

M2
γ

sin2 θl

M2
γ

fL =
1 − 4l2

k2
0

cos2 θli

M2
γ

fTT =
2l2 sin2 θl

M4
γ

fLT =
2l2 sin 2θl

k0M3
γ

.

As discussed in section 2.2, we exploit the dependence of |A|2 on φl. If
φl is uniformly distributed over its whole range, one can perform the
integration using the appropriate weighting function gj to extract the
desired interference response function Wj, (j = TT, TT′, LT, LT′):

Wj =

∑

i Ri · |A|2i · gji
∑

i Ri · fji
· g2

ji

, (3.25)
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where the weighting functions for the interference RFs are defined as

gTT = cos 2φl g′
TT = sin 2φl sign(φevent)

gLT = cos φl g′
LT = sin φl sign(φevent).

(3.26)

There are few constraints that one has to impose in order to use
Eq. (3.25). From the definition of fLT it is clear that it can assume
positive and negative values if 0◦ < θl < 180◦. Since both gLT and
g′
LT enter the denominator as squares, the summation of both positive

and negative fLT can result in divergence of Eq. (3.25) and spoil the
extraction of this response function. Therefore we decide to choose
events in such a way that 0◦ < θl < 90◦, which is obtained by the
transformation of lepton angles Eq. (2.18). An additional obstacle is
that due to the symmetry properties [Kor96] W ′

TT and W ′
LT can assume

opposite signs and therefore integrate to 0. In order to avoid this we
use the sign of function φevent = 360◦ − (φp1

+ φp2
) to rectify the sign

of the response functions. In case of W ′
TT this is completely achieved,

but in case of W ′
LT only partially.

The integration is performed by summation over the bin of interest.
If the bin is sufficiently small, one can make a direct comparison to the
discrete calculation. In Fig. 3.3 we compare the response functions ob-
tained by a discrete LET (VL model) calculation for parameters θp1

=
8◦, θp2

= 10◦, θγ = 130◦, ∆φ = 20◦, to the RFs obtained by the Monte
Carlo integral of the same LET calculation using the parameters(± bin
size) θp1

= 8±1◦, θp2
= 10±1◦, θγ∗ = 130±1◦, ∆φ = 20±1◦. The error

for the MC integration is comparable to the size of the MC data points.
The comparison demonstrates that, if one provides sufficient statistics
and full coverage of the φl angle, all interference RFs can be extracted
from |A|2 with an accuracy that allows discrimination between different
model predictions.

The other feature observed in Fig. 3.3 concerns the extraction of
WT and WL that is performed by putting the weighting functions in
Eq. (3.25) gT = gL = 1. This automatically integrates contributions
of all interference RFs to 0. By utilizing the θl dependence of the
fT and fL one can enhance the sensitivity for a particular RF. WT

is extracted by putting the cut θl < 40◦, which additionally reduces
the small WL contribution plotted as well (full dots) on the WT panel.
Due to this contribution it is not possible to accurately extract WT.
Nevertheless, because the WL contribution is small, its effect can in
general be neglected.
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Figure 3.3: The comparison of the response functions; shown are the discrete
LET calculation (full line) and the MC integral (points). All function values
are in fm6. See text for details.

36



The Monte Carlo modelling of the ppe+e− reaction

The WL is extracted by applying the cut θl > 40◦, which, as shown,
does not help a lot in suppressing the WT contribution. In the WL

panel, we also plot the WL contribution itself, which is obviously equal
to the discrete calculation.
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Chapter 4

Experimental setup

The study of the virtual bremsstrahlung in proton-proton scattering
presents a challenge to the experimentalist. It requires to efficiently
measure a very small cross section for the p+p → p+p+e++e− reaction
in the presence of a huge physical background due to the elastic chan-
nel and the ppγ reaction, as well as other sources of background. The
total cross section for the elastic pp scattering is approximately 10 mb
while the total cross section for the bremsstrahlung reaction p + p →
p + p + γ is in the order of 1 µb, whereas the total cross section for the
ppe+e− reaction is around 10 nb. An additional source of background
is e.g. the (virtual) bremsstrahlung production on heavier nuclei in the
target cell windows. Besides these sources of background, this experi-
ment also has to deal with experimental sources which are associated
with conversion of real photons produced in ppγ events by external
pair creation. These sources of background are particularly difficult to
distinguish from the events of interest: ppe+e− .

A number of steps were taken to reduce the background and increase
the efficiency of the measurement. For this purpose a liquid hydrogen
target was designed and built to allow this measurement to be per-
formed at the necessary high luminosity. The hadron detector system
SALAD was designed for an optimal high-luminosity measurement in
combination with high quality (polarized) proton beams with energies
available at the KVI. Particularly, an efficient triggering scheme was
devised greatly reducing background originating from elastic events.
For the detection of dilepton pairs the Plastic Ball detector was used
covering 77% of the 4π solid angle (which includes 94% of the backward
hemisphere) with high segmentation and essentially 100% efficiency for
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4.1 The KVI facility

lepton detection and identification.
In this chapter all the elements involved in the measurement of

p+p → p+p+e+ +e− are discussed. This includes, among others, the
descriptions of detectors and detection methods as well as hardware
and software for the data acquisition. We would like to stress that
both detectors, SALAD and Plastic Ball, are self-sustained, and each
detector is independently used to measure the different parts of the
reaction: SALAD for protons, and Plastic Ball for the two leptons.
Nevertheless, the main trigger for each event is produced only if signals
from both detectors are received in a narrow time window. Events
produced in such manner are called coincidence events.

This experiment follows a pilot measurement described in detail in
[Mes99]. The previous experiment was performed at KVI using the
SALAD and TAPS1 detector. The main conclusion from the pilot ex-
periment was the need to increase the dilepton-pair detection efficiency,
covering as much as possible the full leptonic phase-space, which was
realized by using the Plastic Ball detector instead of TAPS.

4.1 The KVI facility

The measurement reported in this thesis was performed at KVI Gronin-
gen. The heart of the KVI facility is the superconductive cyclotron
AGOR2, which has been constructed and built in collaboration with
IPN3 Orsay, France. The cyclotron magnet is built with supercon-
ducting coils that can produce magnetic fields of up to 4 T. Due to
the superconducting coils, a compact design was possible such that the
three-sector cyclotron has a pole diameter of 1.88 m with accelerating
electrodes placed within pole valleys.

Protons can be accelerated by AGOR up to 200 MeV while for
heavy ions the energy depends on the charge-over-mass ratio q/A. The
proton beam energy for the measurement described in this work was
190 MeV. The operational diagram in Fig. 4.1 shows which energies can
be obtained for different q/A ratios. The maximum energy for q/A = 2
is about 95 MeV/u. An axial beam line is used to guide ions into the
cyclotron.

1Two-Arm Photon Spectrometer
2Accélérateur Groningen-Orsay
3Institut de Physique Nucléaire
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Figure 4.1: Operational diagram of the cyclotron AGOR. Points represent
different extracted beams.

There are three external ion sources in use. A multi-cusp source,
capable of producing hydrogen and helium ions, was used in our ex-
periment. The current of the source, and therefore the beam current
at the target, during the measurements was limited by the efficiency
of the data acquisition and capability of the setup to function properly
under high rates. In addition to the multi-cusp source, the facility is
equipped with an ECR ion source, which is used to produce different
highly-ionized heavy-ion beams, and with a polarized ion source that
can deliver polarized proton and deuteron beams.

On the floor plan of the facility (Fig. 4.2) the beam lines and the
experimental setups are shown. The Plastic Ball and SALAD experi-
mental setup is placed at the end of the so-called p-line. While this is
the first experiment at KVI in which the Plastic Ball was used, SALAD
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Figure 4.2: Floor plan of the KVI facility. The beam lines guiding the beam
from the cyclotron AGOR to the experimental area are shown together with
two experimental setups: BBS and SALAD with Plastic Ball.
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has been part of many experimental studies concerned mainly with
hadronic interactions in few-body systems. To the right side of the
Plastic Ball the Big-Bite Spectrometer (BBS) [Ber95] is located which
was used in a coincidence setup with the Plastic Ball recently [Gar].
The magnetic spectrometer, BBS, is equipped with the focal-plane po-
larimeter detection system. The incoming beam line is equipped with
an In-Beam Polarimeter (IBP) [Bie01] used for measurements of the
beam polarization in experiments with polarized beams.

4.2 The liquid hydrogen target

In this experiment we have used a liquid hydrogen target that has been
designed at the KVI in collaboration with Vacuum Specials BV. The
target cell shown in Fig. 4.3 was made of high purity aluminum and
was attached to the cold head using a high purity copper rod. The

SENSOR
TEMPERATURE

EMPTY FRAME

HEATER

THERMAL SHIELD

TARGET CELL

ZnS

Figure 4.3: Detail of the target setup. The target cell is shown as well as
the empty frame and the ZnS target.

cold head, driven by the helium compressor, is capable of cooling the
target cell down to 10 K. Two temperature sensors and a small heat-
ing element were inserted into the neighborhood of the target cell and
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used to stabilize a preset temperature value with a feedback controller
produced by Lake Shore Cryotronics, Inc. (mod. DRC-93CA).

The cylindrical target cell has a thickness of 10 mm and a diame-
ter of 20 mm, thus containing approximately 3 cm3. The target cell
windows were made of 4 µm thin synthetic aramid foil4, thus leading
to a minimal background. Operational values for the target cell were
held above the hydrogen triple point (T=13.84 K, P=70.4 mbar) at
15 K and a pressure between 140 and 210 mbar. In the liquid phase
of hydrogen in the target cell one produces a target with a nominal
thickness of 72 mg/cm2.

The positioning of the beam spot at the center of the target was
controlled by monitoring the fluorescent ZnS target with an infra-red
camera. The beam spot size was estimated to be about 2 mm in diame-
ter. To delocalize the heat dissipation of the traversing beam, the whole
target setup was put into a wobbling motion (1 Hz) perpendicular to
the beam direction, allowing a movement of the target for about ±3 mm
compared to the beam position. An empty frame without aramid foils
was used to check for background originating from beam-halo hitting
the target cell material.

4.3 The Small-Angle Large-Acceptance Detector

The Small-Angle Large-Acceptance Detector (SALAD) [Kal00] was con-
structed for high particle rate measurements at forward angles. Origi-
nally it was built with two multi-wire proportional chambers (MWPC)
and two segmented scintillator layers. In our measurement we use only
the smaller of the two MWPCs.

The solid angle coverage of the detector is about 400 msr covering
polar angles between 6◦ and 28◦. A cross-section view of the detector is
shown in Fig. 4.4. Note the beam pipe going through the detector which
limits the minimum scattering angle. The beam pipe was connected to
the scattering chamber by a large area foil built from 250 µm thick
Kevlar5 cloth and 50 µm thick Aramica6 foil, which were able to bear
a high vacuum of 10−6 mbar. This thin-foil construction was chosen
in order to minimize the energy loss of the particles impinging on the

4Toray, Japan
5Goodfellow Cambridge Ltd., Cambridge, UK.
6Asahi Chemical Industry Co., Ltd., Japan.
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Figure 4.4: A cross-section view of the experimental setup showing the Plas-
tic Ball and SALAD detectors. The beam direction is from left to right.
Both MWPCs and SALAD scintillators have holes in the middle for the
beam pipe. The MWPC2 (shaded) was not used in this experiment.

SALAD scintillators.

4.3.1 The multi-wire proportional chambers

The two multi-wire proportional chambers were built in collaboration
between KVI and IUCF7. The smaller chamber has an active area of
380x380 mm2 and a hole of 6 cm diameter in the center to accommodate
the beam pipe. It consists of three wire-planes perpendicular to the
beam direction. Wires in the first plane are lined up in the x-direction
and in the second plane in the y-direction. The third plane contains
wires lined up in the u-direction which is tilted by 45◦ with respect to
both x and y. The bigger chamber has only x- and y-direction planes,
and an active area of 840x840 mm2.

For both chambers the distance between wires within a plane is
2 mm and the cathode-anode distance is 4 mm. Each wire plane is

7Indiana University Cyclotron Facility and Department of Physics, Indiana University,
USA
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sandwiched between two cathode frames, enabling an independent set-
ting of the high-voltage per plane. We have used a gas mixture of 80%
CF4 and 20% ISO-butane which results in a high gain and allows high
counting rates to be sustained. The operational pressure was kept at
2-3 mbar above atmospheric pressure and a flow of the gas through
the chamber was regulated to about 80 cm3 per minute for the small
MWPC.

Measurements of the MWPC efficiency are reported in [Vol99]. The
efficiency was found to be rather uniform over the entire detector for
all planes, excluding regions in the vicinity of the edges and the central
hole. At count rates of 1 kHz/(cm wire) the efficiency of all three
planes was 97-98% and at count rates of 2 kHz/(cm wire) it was 95-
96%. The average count rate during the present experiment was around
1 kHz/(cm wire).

The MWPC readout was realized via a LeCroy PCOS III CAMAC
electronics system. To accommodate the large number of readout chan-
nels every two adjacent wires in a plane were connected to one readout
channel. The angular resolution of the whole system is around 0.5◦.
In the previously performed experiments [Mes99, Hui99] it was noticed
that the position resolution and the MWPC efficiency was not (signif-
icantly) improved when the larger MWPC was included. The latter
was mainly used as a backup for the smaller MWPC. Thus a decision
was made not to use the larger MWPC in our experiment, and it was
subsequently removed from the SALAD setup.

4.3.2 The SALAD scintillators

SALAD has two segmented layers of scintillators placed behind the
MWPCs. The first layer, refered to as energy detectors, consists of
24 elements of 11.25 cm thick plastic scintillators (Bicron BC-408) ar-
ranged in an array. The second layer, refered to as veto detectors,
consists of 26 elements of 1 cm thin plastic scintillators arranged in a
similar way. As shown in Fig. 4.5, both layers are cylindrically sym-
metric and segmented in such a way that in the median plane of the
scintillator stack spherical symmetry is obtained. In this way a par-
ticle originating from the center of the target, placed on the cylinder
axis of symmetry in the median plane, will almost always traverse only
one scintillator bar per layer. The veto layer is somewhat bigger than
the energy layer as required by the trigger logic used (see following
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Top view

Energy scintillators

Figure 4.5: The SALAD scintillators; top and front view are shown.

subsection).
The dimensions of the energy and veto scintillator bars are given

in Table 4.1. The energy scintillator bars are connected with photo-

scintillator bar [mm] length width front width back thickness

ENERGY 436 61.2 68.7 112.5
VETO 480 71.2 71.9 10.0

Table 4.1: Dimensions of SALAD scintillators. The cross section of a bar
has a trapezoidal shape.

multiplier tubes via 160 mm long light guides. To cope with the
high particle rates expected in the energy scintillators a special photo-
multiplier base was developed for SALAD: the XP228/B photo-tube
was powered by a VD182K/B02 base developed by Philips Photonics,
France. This combination was able to operate at rates of up to 1 MHz.

The thick energy scintillators can measure the energy of protons up
to 130 MeV with an intrinsic resolution of 10%. Protons with higher en-
ergies punch through the thick energy scintillator and can reach the veto
scintillator. In our experiment the proton beam energy was 190 MeV
and protons detected in the veto scintillators were associated with the
elastic channel.

4.3.3 The SALAD trigger box

In order to decrease background events as much as possible, a dedicated
programmable CAMAC electronics module was constructed at KVI
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[Sch98], here referred to as the SALAD trigger unit (STU). The STU
module uses logic signals from all SALAD scintillators and additional
strobe signals. In our experiment the STU was programmed to compare
the multiplicity of hits in SALAD energy and veto scintillators within a
certain time window in coincidence with the Plastic Ball strobe signal.
By comparing the multiplicity NE of the particles detected in the energy
scintillators to the multiplicity NV of particles detected in the veto
scintillators a trigger was formed with the condition:

NE − NV ≥ 2. (4.1)

It is assumed that the above trigger condition reflects the situation
in which two inelastically scattered protons are detected in the energy
scintillators and not in the veto scintillators. Note that within the given
time window an elastic scattering can take place, which is expected to
be detected in both the energy and the veto scintillator layers, therefore
increasing both NE and NV by one, but the condition Eq. (4.1) remains
valid.

One of the strobe signals for the STU is issued by the Plastic Ball
detector. Depending on how the strobe signal is produced by the Plas-
tic Ball, inelastic protons detected in SALAD can be related to par-
ticles detected in the Plastic Ball. For example, in the case of the
ppe+e− reaction the strobe signal is produced when two electromag-
netic showers are detected in the Plastic Ball. If the condition (4.1)
is fulfilled when the strobe signal is issued, the coincidence trigger is
produced.

The coincidence trigger produced by the STU is obtained when at
least two inelastic protons are detected in SALAD and leptons or pho-
tons in the Plastic Ball, within a sharp time window of 35 ns. By the
careful timing it is assured that a coincidence between the two detec-
tors is achieved. The particles detected in both detectors thus originate
from time correlated reactions which includes the particles produced by
the same reaction.

4.3.4 The data acquisition of SALAD

The readout of the SALAD electronics is schematically presented in
Fig. 4.6. The whole system is based on the commercially available
VME, CAMAC and NIM electronic modules. The VME crate contains
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an Alpha-AXP computer (Digital) that is used to initialize the elec-
tronics in the CAMAC crate and acquire the data. This is done via a
CAMAC branch driver (CSE CBD 8210). In addition, to initialize part
of the electronics that was placed in the experimental area, a VAX-ELN
computer was used.

There are two sources of signals, the MWPC and the scintillators.
The MWPC is used to give accurate position information from which
the particle trajectory can be reconstructed, assuming that the detected
particle originated from the target center. The scintillators provide in-
formation about the energy deposition and the time of flight of a parti-
cle. The latter can be used for particle identification. The information
on particle position is combined with energy information to obtain the
momentum of a particle at the reaction vertex.

The LeCroy PCOS III system is used for MWPC readout. The
MWPC wires are connected directly to amplifier/discriminator cards
(LeCroy 2735PC) and the digitized signal is processed in delay/latch
CAMAC modules (LeCroy 2731A). The delay is introduced to gain
time for the trigger logic needed to initiate the readout. All the readout
modules are placed in a dedicated CAMAC crate next to the detector
in the experimental area. Once the strobe signal E1 is received by the
system controller (LeCroy PCOS 2738), all modules are latched and
the readout is sent to the databus (LeCroy 4299) which is placed in the
CAMAC crate outside the experimental area.

The signals from the scintillators feed active splitters, from which
one copy of the signals goes to the constant fraction discriminators
(CFD, LeCroy 3420), and the other copy is guided through long signal
cables to the analog-to-digital converters (ADC, LeCroy FERA8 4300B)
outside the experimental area. The CFD electronics is placed in a dedi-
cated CAMAC crate next to the detector and controlled via a dedicated
computer (VAX-ELN) within the experimental area. Digitized signals
from the CFD are guided outside the experimental area and used as in-
put for time-to-digital converters (TDC, LeCroy 3377), scalers (LeCroy
4434), and the STU. The readout of TDC and ADC units was managed
through a FERA driver (LeCroy 4301) which was connected to the Al-
pha AXP computer via the dual-port memory (DPM, LeCroy 1190).
The rest of the data was read out via the CAMAC controller. The STU
was used to produce the coincidence trigger as previously described in

8Fast-Encoding Readout ADC
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Figure 4.6: Schematic diagram of the SALAD electronics readout. For clarity
only the flow of signals originating from MWPC and scintillators is shown.
Thick lines represent the flow of digitized information, thin lines represent
analog signals, and thin grey lines the trigger signals. See text for further
explanation.
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section 4.3.3.
The high-voltage for the MWPC (one channel per plane) and for all

photo-multipliers was supplied by a computer controlled LeCroy HV
1440 system.

4.4 The Plastic Ball

The Plastic Ball [Bad82] is a 4π detector which consists of ∆E−E tele-
scopes forming a hollow ball structure that is split in two hemispheres.
The hemispheres are placed in such a way that the equatorial plane
is perpendicular to the beam direction. A structure supporting both
hemispheres is mounted on rails allowing movement of the hemispheres
and an easy access to the target chamber placed inside, as is shown
in Fig. 4.7 and photograph in Fig. 4.8. In its original setup the solid
angle coverage of the detector was 97% of 4π. However, a rearrange-
ment of the detector setup was required for the present experiment to
accommodate SALAD at forward angles and the space for the liquid
hydrogen target. The backward hemisphere was left unaltered, cover-
ing polar angles between 90◦ and 160◦. From the forward hemisphere
the very forward detector modules were removed so that the rest was
covering angles between 50◦ and 90◦. In addition, a number of detector
modules has been taken from the top of the forward hemisphere where
pumps and the cold head of the liquid hydrogen target were placed.
After those rearrangements the detector consisted of 552 modules.

4.4.1 Plastic Ball detector modules

The geometrical shape of the detector modules is a triangular prism.
By putting together 11 different shapes it is possible to entirely fill
up a hollow ball structure. This geometrical design was taken from
the Crystal Ball [Oro82] detector. Each detector module covers a solid
angle of about 17 msr.

Individual detector modules are ∆E−E phoswich telescopes. Look-
ing from the target, each module has a thin layer of scintillating ma-
terial in front of the thick layer, which forms a ∆E − E telescope
detector. Choosing different scintillating materials with different signal
decay times it is possible to glue both scintillators together and collect
the scintillating light with one photo-multiplier. The common signal
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Figure 4.7: The drawing of the Plastic Ball detector together with SALAD.
Note that both hemispheres of the Plastic Ball can be moved to allow access
to the vacuum chamber.

with different decay times can be separated by pulse-shape analysis.

The Plastic Ball detector modules, as shown in Fig. 4.9, are built
from a 4 mm thick layer of CaF2 crystals measuring the energy loss
∆E of the detected particles and a 356 mm thick plastic scintillator
measuring the total energy E of the incoming particles. The plastic
scintillator acts as a light guide for the ∆E CaF2 crystal. Characteristic
decay times are 1 µs for CaF2 and 10 ns for plastic scintillator. The
PM is mounted directly to a light-guide which is glued to the plastic
scintillator.

The main reason for using a ∆E − E phoswich telescope is a good
charged-particle identification. In high-energy high-multiplicity mea-
surements the Plastic Ball was found to have excellent charged-particle
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Figure 4.8: The photograph of the Plastic Ball detector together with
SALAD. The vacuum chamber is visible in the center of the setup.
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Figure 4.9: The Plastic Ball detector module.

identification properties [Dos86]. In virtual-bremsstrahlung measure-
ments, the possibility to discriminate between photons originating from
e.g. real bremsstrahlung and leptons is a condition required for a suc-
cessful measurement.

4.4.2 The Plastic Ball data acquisition

The readout of the Plastic Ball scintillators is performed via standard
CAMAC and NIM modules and some dedicated electronic modules.
The schematic diagram is shown in Fig. 4.10. A VME AXP computer
was used to initialize and read out the data using a CAMAC branch
driver (CSE CBD 8210).

The photo-multiplier signals are split into two parts. One part is
sent through long signal cables (equivalent to ≈ 560 ns delay) to a
second splitter which is placed outside the experimental area. The two
signals obtained from the second splitter are fed to charge-integrating
ADCs (LeCroy 2280). By applying different integration gates to the
electric signal it is possible to separate the fast and the slow scintillator
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Figure 4.10: Schematic diagram of the Plastic Ball electronics readout. Black
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components in the signal. In our case we have applied a long gate
of 1.25 µs to charge-integrate the whole signal and a short gate of
approximately 240 ns to obtain the response of the fast i.e. the plastic
scintillator component.

The other part of the signal from the first splitter was used as in-
put for so-called Ball-Boxes. These dedicated electronic modules were
originally constructed for high-multiplicity measurements. Each elec-
tronic module can accept up to eight input signals which are fed to
leading-edge discriminators. A multiplicity output with signal height
reflecting the number of simultaneously present input signals (1 to 8)
as well as individual (ECL) outputs per channel are produced. The
latter are used as input for TDC (LeCroy 4391).

φ=270ο φ=90ο

θ=90ο

TOPBOTTOM BACKWARD

MEDIAN
PLANE

FORWARD

Figure 4.11: Schematic layout of the Plastic Ball detectors. Detectors (tri-
angles) shaded grey are either not part of the original setup or they were
removed to free space for the target setup and SALAD. Thick black lines
mark clusters of six, five, or three neighbouring detectors that are connected
to the same ball-box module, as described in the text. Note that this figure
represents a topological 2-D projection of the ball.

For the purpose of the present experiment a choice was made on
how to group individual detectors into the ball-boxes. Our concern was
to reduce the number of input channels to a manageable size while
still keeping a high sensitivity and be able to measure events with
small opening angles. The chosen scheme, where a number of detec-
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tors were grouped into small clusters and all detectors within a cluster
were connected to the same ball-box electronic module, is schematically
shown in Fig. 4.11. The 552 input channels fed into ball-boxes pro-
duced 101 output channels (one per ball-box electronic module). The
multiplicity outputs from the ball-boxes are discriminated once more
in leading-edge discriminators at the level corresponding to a single-
channel signal (N ≥ 1) and then OR’d with multiplicity NIM modules
(LED+Multiplicity). The multiplicity output produced is representing
the number M of simultaneously present clusters. Events with associ-
ated multiplicities M≥1 and M≥2 were defined reflecting ”one or more”
and ”two or more” clusters fired in the Plastic Ball. The signals pro-
duced by these events were used as the strobe signals for the STU.

The read out of TDC CAMAC electronics placed in the experimen-
tal area occured via a databus module (LeCroy 4299) placed together
with the ADCs outside the experimental area. High-voltage was sup-
plied to the photo-multipliers using three LeCroy HV 1440 mainframes.

4.5 Coincidence setup between SALAD and Plas-
tic Ball

In order to perform an exclusive measurement of the ppe+e− reaction
a time coincidence between the two detector systems was required. In-
elastically scattered protons were detected in SALAD and dilepton pairs
in the Plastic Ball. Since for both detectors the electronics readout was
organized independently, the coincidence mode was created on the trig-
ger level and implemented in the data acquisition.

For the data acquisition purposes at KVI the VME-based Alpha-
AXP computers were used. The real-time operating system running on
these computers is VxWorks. The data acquisition software for those
computers is programmed in C language. A number of preprogrammed
routines is available to the users for different VME electronics modules
as well as for some CAMAC electronics modules.

The actual acquisition of a detector system is performed in the fol-
lowing way. A CAMAC branch driver (CBD CSE 8210) is used to ini-
tialize electronics in CAMAC crates and for the readout as well, except
for the readout of SALAD FERA controller where a dual-port mem-
ory was used. A CORBO (CES RCB 8047) module is programmed to
receive an electronic trigger signal to start the data acquisition and to
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issue a veto (inhibit), signal while the readout is in progress. The veto
signal is used to disable incoming trigger signals while the computer
is busy. Once the event is acquired the veto signal is removed and a
new trigger signal can be accepted. Acquired events are buffered and
subsequently stored on magnetic tape and/or used by an online data
analysis.

The coincidence setup of the two detector systems was obtained by
using two separate acquisitions. To make a coincidence event from two
sub-events on separate computers a VIC-bus link was established be-
tween the two VME crates using a VIC (CES VIC 8251/FC) module.
In that way it was possible to merge a sub-event acquired on one com-
puter with the corresponding sub-event acquired on the other into one
coincidence event. Special attention was given to assure proper syn-
chronization; a tag was generated per trigger signal by one (master)
CORBO module and associated with both sub-events created at the
same time and consecutively checked when sub-events were merged.

Apart from being able to merge two data streams, the system was
programmed to handle also non-coincidence events, e.g. scaler events.
The maximum rates of the data acquisition were limited by the elec-
tronics readout; around 500 Hz for Plastic Ball and 4 kHz for SALAD
in the stand-alone mode. In the coupled mode (VIC-bus connection)
the maximum rate was limited by the Plastic Ball readout rate. The
rate of data acquisition during the experiment was around 350 Hz with
approximately 50% dead-time.

4.5.1 Trigger definition

Different trigger signals were used during the experiment. The trigger
for the investigated reaction ppe+e− was produced using the STU mod-
ule. The STU was programmed as discussed previously in section 4.3.3.
The NE −NV ≥ 2 condition was required for the trigger derivation. To
strobe the STU a mixture of M≥2 and downscaled M≥1 signals from
the Plastic Ball was used. The resulting trigger signals indicated can-
didates for ppγ or ppe+e− events. Though the STU can produce up to
four different signals, the other outputs were used only to monitor the
NE − NV difference.

The main trigger was defined as a mixture of four different compo-
nents. The main part of the trigger electronics is drawn in Fig. 4.12. In
addition to the ppγ and ppe+e− trigger, which is produced by the STU,
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Figure 4.12: The trigger setup. See text for further explanation.

a downscaled signal of the cyclotron radio frequency (RF), Plastic Ball
M≥1, and SALAD OR signals were used for the purpose of diagnostics
and normalization measurements. For the downscaling and OR-ing of
individual triggers the GSI GS8000 NIM module was used. All inputs
and outputs of the module were connected to scalers for monitoring
purpose.
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Chapter 5

ppe+e− data analysis

In any experiment a complete understanding of the obtained data is
of ultimate importance to gain reliable information. In that sense the
experimental setup acts similar to a lens that enables us to see more
clearly what we are looking for. In the process of analyzing measured
data we are obliged to correct all imperfections of our experimental
apparatus and obtain a picture of the observed reaction as clearly as
possible.

This procedure requires the following steps which can be recog-
nized as separate operations on the data. The first step is to per-
form the calibration of the data, i.e. to assign the measured values
their physical meaning. The data are then analyzed for the p + p →
p + p + e+ + e− reaction in a few steps. As a part of this analysis,
the contamination of the data set and detection efficiencies are investi-
gated. The final result is the extracted data set of ppe+e− events which
is used for further comparison to theoretical predictions.

5.1 Data stream

The data stream contains information from two sources, namely, the
Plastic Ball detector and SALAD. Each recorded event represents reac-
tions that took place in detectors satisfying predefined triggering con-
ditions. The information that is recorded per event during the present
experiment is given in Table 5.1. The Plastic Ball position information
is determined by the position of the particular detector module rela-
tive to the target while the position in SALAD is calculated from the
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MWPC information. Events are also labeled with the trigger pattern
that produces the main trigger.

detector source information

time
Plastic Ball scintillator energy deposition (short gate integration)

energy deposition (long gate integration)

MWPC (x,y,u) position (centroid + width)
SALAD scintillator time

scintillator energy deposition

Table 5.1: The information in the data stream is obtained from two separate
detector systems: Plastic Ball and SALAD.

In addition to data readout a scaler readout was performed every
second. The latter was used for on-line monitoring and later for check-
ing and normalization. Scaler events are composed from the number of
scaler channels that are periodically read out. After each readout all
scaler channels are reset. In our case, scalers are among others counting
the number of hits in SALAD scintillators, number of different triggers,
and integrated beam current.

Four trigger conditions that composed the main trigger were defined
for the experiment. These are given in Table 5.2. The ppe+e− trigger
is produced by the reaction that is studied in this thesis, p + p →
p + p + e+ + e− . The condition for this trigger is that the number
of hits NE in the energy scintillators of SALAD compared to hits in

Trigger description rate (Hz) downscaling

ppe+e−











(NE − NV ≥ 2)
∧

(M ≥ 2 ∨ M ≥ 1)
250 1

SALAD-single NE ≥ 1 60 215

Plastic Ball-single M ≥ 1 40 212

RF RF freq. / 225 × 103 2 23

Table 5.2: The main trigger is composed from four different components.
Rates given are approximately the actual rates of the data stream recorded
to tape at a typical current of 1.6 nA and 50% dead-time.
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SALAD veto scintillators NV must be equal or larger than 2, and that
there are two or more hits in the Plastic Ball (M ≥ 2). In addition,
M ≥ 1 was downscaled and OR’ed with M ≥ 2, so the final trigger is
actually a combined trigger for p + p → p + p + e+ + e− and p + p →
p+ p+ γ reactions. The trigger settings are discussed in more detail in
section 4.5.1.

The SALAD-single trigger is extracted from the constant-fraction
descriminator (CFD) and it is used for different normalization mea-
surements. It was also supposed to be used for the measurement of the
elastic channel cross-section but due to an hardware saturation prob-
lem this trigger cannot provide a reliable normalization of our data.
The Plastic Ball-single trigger (M ≥ 1) was used for Plastic Ball time
calibration. The SALAD-single trigger is produced almost exclusively
by the pp elastic scattering reaction while the Plastic Ball single trigger
combines both elastic and ppγ reactions.

Due to the data acquisition electronics used for the Plastic Ball read-
out, we were constrained to a maximum of 350 Hz for the accepted
data rates. Therefore all single triggers and ppγ component in the
ppe+e− trigger were down-scaled so that the dead-time caused by the
readout electronics at typical beam current was about 50%. For the
same reason, the RF trigger, that is derived from the radio-frequency
of the cyclotron of 60 MHz for 190 MeV proton beam, was down-scaled
even more. Subsequently, the data produced by the RF trigger were
not used for data analysis due to poor statistics.

5.2 The data calibration

The calibration of the data is a process in which the recorded (mea-
sured) values are identified and associated with physical processes that
cause them. By knowing this relation we can actually give a phys-
ical meaning to the data stream. We have used elastic scattering
p + p → p + p and ppγ reactions to calibrate the present data. The
calibration was performed for all Plastic Ball detector modules and for
all SALAD scintillators. Both QDC and TDC information are cali-
brated.
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5.2.1 Time calibration

The first step in the calibration of the TDC information was a time
matching, which requires aligning the so-called self-triggering peaks
in a time spectrum obtained with the Plastic Ball and SALAD-single
triggers. A self-triggering peak appears in a time spectrum whenever a
detector element i.e. a scintillator produces the trigger for a particular
event. The time matching results in TDC spectra having a common
time calibration.

The particle time-of-flight for the protons in the observed reaction
can vary due to the interactions which a particle can undergo on the
path to the detector or within the detector itself. Since the time res-
olution of the SALAD TDCs is 0.5 ns, the effect of the variation can
be measured. For the Plastic Ball TDCs the resolution is 1 ns and for
minimum ionizing particles (leptons and photons in our case) a vari-
ation in the ToF is not clearly observed. The time information of a
detector signal is measured by a TDC in the so-called common stop
mode, where the measurement is started by the signal in the detector
element and stopped when a trigger signal is issued. We have used the
SALAD-single trigger for time matching of SALAD energy and veto
scintillators, and the Plastic Ball-single trigger for the time matching
of Plastic Ball detector modules.

The second step was to calibrate the time spectra using the ppγ re-
action. Having detected three particles originating from the same re-
action, the TDC information from corresponding detectors can be rel-
atively calibrated. By relating different detectors to one reference de-
tector, the differences needed for the absolute time calibration are ob-
tained. The ppγ data for the time calibration were obtained in the same
way as the data for the SALAD energy calibration described below.

5.2.2 Energy calibration of SALAD

For the energy calibration we have used p+p → p+p+γ events which
are also produced by our main trigger. A kinematics reconstruction
for ppγ events was used to obtain physical values for the measured
observables. The kinematics reconstruction routine was taken from
[Hui99] where details of the calculation can be found. The general
principle for the kinematics reconstruction, is given in section 5.3.2.

The calibration is obtained from the correlation between measured
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and reconstructed values. In the case of ppγ we need 5 observables from
which the complete kinematics of the event will be calculated. To relate
the measured and the reconstructed energy for protons in SALAD and
for a photon in the Plastic Ball, the polar and azimuthal angles for
both protons and the polar angle of the photon were used to calculate
reconstructed values. The azimuthal angle of the photon was used to
constrain the reconstructed value. We required that the reconstructed
azimuthal angle coincides with the frontal surface of the Plastic Ball
detector module which recorded the photon. Depending on the polar
angle, the azimuthal angle resolution ranges between 6◦ and 15◦. No
additional cuts were applied.

Fig. 5.1 shows a comparison of measured and reconstructed energy
values for one SALAD energy scintillator. There is an obvious correla-
tion from which the measured energy values were calibrated.

The Plastic Ball scintillators could not be calibrated in a similar way
due to the fact that the photon from a ppγ reaction can deposit energy
in a number of detector modules and because the efficiency for full
energy deposition of photons in the plastic scintillator is rather small.
Therefore, a somewhat different approach was made. The calibration of
the Plastic Ball detector modules is discussed in the following section,
after the procedure of signal analysis is explained.

5.2.3 Pulse-shape analysis

The energy calibration for the Plastic Ball detector is necessarily in-
fluenced by the way the signal is obtained from the phoswich detec-
tor modules. Being composed of two different scintillator materials
with drastically different decay times, detector modules produce a com-
posed signal, which can be separated into two components. In reference
[Bad82] the time gate widths for charge integration of the signal from
two scintillator materials are given from which an optimum resolution
for particle identification can be obtained.

In our case, the long gate includes the short gate, which is illustrated
in Fig. 5.2. Two measurements were then performed by charge integra-
tion of the signal, E and E + ∆E for short and long gate, respectively.
The energy deposition E produced by the short gate charge integration
is predominantly produced by the fast plastic scintillator component.
The energy deposition E + ∆E is obtained from the long-gate charge
integration and includes the signal from both scintillator components.
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Figure 5.1: Comparison of measured Ep [channels] and reconstructed values
Ep [MeV] for one SALAD energy scintillator. Note that reconstructed events
were constrained only by the azimuthal angle of the photon and therefore
some background is still present. The z-axis (contents) is logarithmic. The
linear fit (white line) used for calibration is also shown.

Obviously, ∆E can be obtained by subtraction.

5.2.4 Energy calibration of the Plastic Ball

The major objective of the pulse-shape analysis in our case is to sep-
arate leptons, i.e. distinguish positrons and electrons from photons.
At the energies relevant in this experiment the energy loss of leptons
in the scintillator material is influenced mainly by electronic collisions
[Leo94]1. Therefore, we expect leptons impinging on the CaF2 scintil-
lator to produce a well defined ∆E signal in contrast to photons, for

1Only a small amount of photons is created by lepton radiation losses (bremsstrahlung)
and showering is insignificant.
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Figure 5.2: An illustration of the pulse-shape discrimination. The signal
from the scintillator has two different (exponentially) decaying components
(fast and slow). The short gate is used to integrate the signal of the fast
decaying component and the long gate to integrate both components. The
signal of the slow decay component is obtained from the difference of these
two integrated signals.

which, according to the simulation (see subsection 5.5.2), there is less
than 5% probability for an interaction within the CaF2 scintillator. The
∆E signal is therefore used to distinguish leptons and photons. For the
kinematically identical reaction p + p → p + p + γ + γ , there is less
then 0.25% probability to be misinterpreted as ppe+e− reaction.

Overall, there is a 50% detection probability for photons in the Plas-
tic Ball detector (CaF2 and plastic scintillator). This greatly influences
the calibration of the Plastic Ball detector modules. In contrast to the
energy scintillators of SALAD, where the inelastic protons are stopped
in the scintillators, most of the photons will deposit only part of their
energy in the Plastic Ball scintillators, spoiling a plausible correlation
between measured and reconstructed photon energy values. Moreover,
the energy deposition will be dispersed to neighbouring detector mod-
ules as well.

To resolve this problem a GEANT3 [GEA93] simulation was per-
formed in which the Plastic Ball detector response for photons origi-
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nating from the p + p → p + p + γ reaction was studied. This revealed
that those events for which most of the energy deposition was within
one detector module, exhibit a broad (around FWHM=50%) but clear
peak for photon energy deposition. The calibration was performed by
matching the peaks from the simulation to the measured peaks. In
Fig. 5.2.4 an illustration of the procedure is given. The peak positions
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Figure 5.3: Left: the measured photon energy spectrum of the Plastic Ball
detector module. An exponential + Gaussian function is fitted to the spec-
trum and consequently matched to the values of the fit of the simulated
spectrum (right panel). In this fit we assume an exponential background
that is superimposed to the Gaussian shape of the photon energy peak.
Right: the energy spectrum of photons in the Plastic Ball detector module
according to the GEANT simulation. The spectrum is fitted by a Gaussian
distribution.

and widths are obtained for each Plastic Ball detector module by fitting
separately simulated and measured spectra. By matching those values,
the calibration is obtained per detector module. The relative calibra-
tion can then be made with an accuracy of approximately ± 0.5 MeV.

The result of the calibration procedure is illustrated in the so-called
pulse shape spectra plotted in Fig. 5.4. The main features of the spec-
tra are two lines, labeled as e and γ. Most of the photons interact only
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Figure 5.4: Calibrated spectra of the energy deposition E vs. E + ∆E. In
this histogram the z-axis (contents) is logarithmic. The lines labeled e and
γ represent leptons and photons, respectively, while p marks the observed
protons.

with the plastic scintillator producing only the E part of the signal
which implies E + ∆E = E and produces therefore a γ line which lies
diagonally in the 2D-spectra. The minimum-ionizing leptons (electrons
and positrons) do interact with the CaF2 and a ∆E component is pro-
duced as well, which consequently produces a shift in comparison to the
photon line. Since the minimum-ionizing ∆E energy deposition is well
defined, the shift is rather uniform and the shifted line e is clearly ob-
served. A remaining feature of the spectra is the proton region labeled
with p.

To make the selection, i.e. to discriminate between leptons and
photons, a cut is defined that allows only the events from the lepton

69



5.2 The data calibration

band to be accepted. In Fig. 5.5 the projection of the 2D spectrum
5.4 is shown, with three peaks representing different particles; protons,
leptons, and photons. While the photon peak is pronounced (due to
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Figure 5.5: A 45◦ projection of the 2D histogram from Fig. 5.4. The plotted
value is −∆E = E − (E + ∆E). The spectrum is fitted with three Gaussian
distributions for purpose of the comparison. The corresponding regions from
the 2D spectra are denoted as the proton p, the lepton e, and the photon γ

peak. The cut for the leptons is given as the hatched area in the spectrum.

a large number of low-energy photons), and therefore well defined, the
lepton peak shows broadening due to the intrinsic detector energy res-
olution of the CaF2 . The intrinsic broadening is asymmetric which is a
consequence of the Landau distribution of the measured energies. The
remaining protons in this spectrum are well described by a Gaussian
distribution. The position of the cut towards the photon peak can be
well defined but there is a certain ambiguity where to put the cut on the
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large ∆E side. There is a certain number of events where the dilepton
pair is detected within a single Plastic Ball detector module giving an
additional shift to the lepton line, which is reflected as a tail towards
the proton peak. Therefore we have decided to take a symmetric cut
around the lepton peak position. For a single lepton the energy loss in
the CaF2 corresponds to an energy peak shifted by 5 MeV with respect
to the photon peak (Fig. 5.5). For a double lepton event entering the
same Plastic Ball detector module one gets a shift of approximately
10 MeV. The lepton cut was defined around the lepton peak as

2MeV < ∆E < 8MeV. (5.1)

5.2.5 SALAD MWPC tracking

The physical information from the MWPC data is obtained by a track-
ing procedure. The SALAD MWPC has three separated wire planes
from which the x, y, and u (45◦) positions of particle tracks are mea-
sured.

Per event a number of charged particles (in our experiment presum-
ably protons) can traverse the SALAD MWPC in a given time window
producing free charges that are collected by wires. By comparing sig-
nals from all the wires within one plane, clusters of simultaneously
fired wires can be defined. The centroids and widths of such clusters
are then read out by the data acquisition system. The centroid is used
as the hit position and the width as tolerance for the tracking pro-
cedure. Tracking is performed by matching x and y positions with a
corresponding u position. If such correspondence exists it is associated
with a possible track with position (x,y) which is further matched with
energy deposition in SALAD energy and veto scintillators. If there is
no corresponding energy detector the track is discarded, otherwise, it
is recognized as inelastic (no corresponding veto) or elastic track (cor-
responding veto detector is present).

The final result of the tracking procedure are the tracks containing
position information as well as energy information. The momentum of
the tracked particle is completely defined by this information.
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5.3 ppe+e− event selection

The ppe+e− event selection procedure is performed in the following way.
The complete data set is presorted by applying simple selection crite-
ria and subsequently all presorted events were analyzed by the kine-
matical reconstruction routine. Only events that were kinematically
reconstructed were taken for further analysis. This procedure leads to
a significant reduction of data to be finally analyzed.

The kinematical reconstruction also provides values for unconstrained
observables that are not used as input for the reconstruction. In our
case the kinematical reconstruction routine calculated the energy of
both protons and leptons from the measured positions (θ, φ) of all
4 particles. Due to the kinematically over-determined measurement,
those observables can be used to determine limits on measured values
in order to minimize the background. After these selections, the final
ppe+e− data set is produced.

5.3.1 Presort

The following criteria are applied in the presort of the ppe+e− data.
Only data produced by the ppe+e− trigger were used. For the SALAD
part in the data stream, tracking was performed and only events with
two or more inelastic tracks were used. Moreover, a time window cor-
responding to the coincidence time window in the trigger logic was
defined and only tracks within that window were considered.

For the Plastic Ball part only events with two or more separated
detectors with proper time were considered. This selection is imposed
by the trigger topology where clusters of neighbouring detectors were
used as trigger units in the first level (see section 4.4.2)2.

Since the ppe+e− trigger contains some amount of ppγ events, these
events will be accepted in this presort procedure if the Plastic Ball
criteria are satisfied, for example if a photon is rescattered so that two
Plastic Ball non-neighbouring detector modules are fired.

2With two detector modules firing within the same ball-box unit at the same time only
a multiplicity M=1 event is produced.
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5.3.2 Event reconstruction

The complete kinematics of an event is defined when positions and en-
ergies of all participating particles in the reaction of interest are known.
We can use the laws of conservation of momentum and energy to cal-
culate unknown values. It means that in a reaction with n participants
we have 3n observables from which 4 are constrained by conservation
laws leaving 3n− 4 observables necessary for a complete determination
of the reaction kinematics.

For the p+p → p+p+e++e− reaction we have 4 outgoing particles
and 12 observables, thus we need 8 measured observables to calculate
the remaining 4. In our experiment all 12 observables are measured,
which makes the measurement kinematically over-determined. The
kinematical over-determination is used for background suppression.

In Table 5.3 we give an overview of all measured observables for
the ppe+e− reaction: angular positions and particle energies. We use

particle
measured
position

measured
energy

reconstructed
energy

proton p1 θp1
, φp1

Emeas
p1

Erec
p1

proton p2 θp2
, φp2

Emeas
p2

Erec
p2

lepton e+ θe+ , φe+ Emeas
e+ Erec

e+

lepton e− θe− , φe− Emeas
e−

Erec
e−

Table 5.3: The overview of the observables that are used in the reconstruc-
tion of ppe+e− events. Positions of particles are fixed and measured energy
values are used as initial guess for solving the system of coupled equations
Eq. (5.2). If the reconstruction is successful, a set of 4 reconstructed values
is obtained.

the fact that the positions of leptons detected in the Plastic Ball are
determined by the positions of detector modules and the positions of
protons in SALAD are calculated in the tracking procedure. Using the
positions of all outgoing particles the following system of equations can
be solved.

∑

i

√

E2
i − m2

i sin(θi) cos(φi) = 0
∑

i

√

E2
i − m2

i sin(θi) sin(φi) = 0
∑

i

√

E2
i − m2

i cos(θi) = p0
∑

i Ei = E0,

(5.2)

73



5.3 ppe+e− event selection

where the index i = p1, p2, e
+, e− and mi are masses of protons and

leptons. The energy E0 of the reaction in the lab system and the
momentum p0 are given by:

E0 = Ebeam + 2mp, (5.3)

p0 =
√

E2
0 − 4m2

p =
√

Ebeam(Ebeam + 4mp), (5.4)

where the incoming proton beam has an energy of Ebeam=190 MeV and
the proton mass mp=938 MeV.

The system of coupled nonlinear equations (5.2) is solved numeri-
cally. A globally convergent method for a nonlinear system of equations
described in [Pre92] was used. The method is based on the modified
Newton-Raphson algorithm. The major advantage of this method is
that a convergence is obtained for almost any initial guess.

The reconstruction is performed event by event. Events for which
the system of equations (5.2) is solved are regarded as reconstructed.
All possible combinations of input parameters are checked. For exam-
ple 4 tracks in SALAD will give 6 possible combinations for candidates
for the kinematical fitting routine. This can result in the so-called com-
binatorial background if appropriate care is not taken. If more than
one combination is successfully reconstructed, the solution which fulfills
the conditions given in Eq. (5.5) is preferred. To choose between dif-
ferent possible solutions even further, the best time matching criterium
is employed. This is defined as the minimum time difference between
two measured protons in the event. About 10% of all reconstructed
events have more than one solution and more than 98% have one or
two solutions. Only one combination is accepted for further analysis.

5.3.3 Selection of protons and leptons

To define the final data set a number of cuts is imposed on different
observables in order to minimize background. A major concern when
imposing different cuts on the data is that good data should be influ-
enced as little as possible while background should be removed as much
as possible.

To equalize detection thresholds for the whole data set we have used
only events where the measured energy of the protons Emeas

p1,p2
≥ 25 MeV.

Also only leptons with Emeas
e+,e− ≥ 5 MeV were considered. Leptons were
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identified by applying a cut on the lepton line in the Plastic Ball pulse-
shape spectra.

To minimize contamination the following cuts were applied on the
deviation from reconstructed values with the measured ones:

|Erec
p1,p2

− Emeas
p1,p2

| ≤ 20 MeV
|pT

rec
p1,p2

− pT
meas
p1,p2

| ≤ 15 MeV
(5.5)

In the conditions (5.5) above, pT is the transverse component of the
proton momentum. In Fig. 5.6 we illustrate the effect of applying the
cuts Eq. (5.5) to the proton energies. Obviously the correct kinematical
correlation for two protons is obtained, with almost no background out-
side the correlation region. This cut assures that the hadrons within the
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Figure 5.6: The influence of the energy and transversal momentum cuts
(Eq. 5.5) on the measured proton energies. In the left panel the spectrum
represents all ppe+e− events left after the kinematical reconstruction. After
the cuts are applied one obtains a clean kinematical correlation between
protons Emeas

p1
and Emeas

p2
(right). In both histograms the z-axis (counts) is

in logarithmic scale.

ppe+e− event will have the proper kinematical constraints. However, a
certain amount of background remains.
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In order to obtain ppe+e− events, after the proton energy cuts are
applied, one has to apply the lepton cut defined in Eq. 5.1. In Fig. 5.7
we illustrate the application of the lepton cut. In the two-dimensional
representation we can observe that the lepton cut provides a good se-
lection criterium for the dilepton events. This is also illustrated by the
amount of the photon suppression obtained after the lepton cut was
applied only to one lepton. From the −∆Ee2 projection we can esti-
mate about 10% of ppe+e− events in the spectra before and 40% after
the cut. After the cut on the second lepton is applied we obtain the
selected ppe+e− events. About 16000 events remained after the above
conditions were applied. Out of those events, the subset of about 3500
events with the invariant mass Mγ > 20 MeV was chosen for further
analysis.

The typical reductions of the data set for different selection criteria
are given in table 5.4.

Events amount percentage

all 2047749 100%
produced by ppe+e− trigger 1657623 80.95%
after presort 166343 8.12%
after reconstruction 18771 0.92%
after proton cuts (Eq. 5.5) 2228 0.11%
after lepton cut (one) 262 0.013%
after lepton cut (both) 78 0.0038%
after Mγ cut (final set) 16 0.00078%

Table 5.4: The reduction of data that is obtained at each step of the event
selection procedure is given for a typical run.

5.4 Event contamination

Apart from real events originating from the studied reaction, a number
of misinterpreted events originating from other sources can be present
and contaminate the data set. The amount of contamination in addition
to the good events has to be estimated and subtracted, if the separation
is not possible.

In the following subsections, a few different sources of contamination
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Figure 5.7: Top: the 2D spectra of −∆Ee1 vs. −∆Ee2, where −∆E =
E − (E + ∆E) as plotted in Fig. 5.5, is shown. The black square line
indicates the area for the lepton cut on both leptons. The z-axis (counts) is
in logarithmic scale. Bottom: −∆Ee2 projection of the 2D spectra. The
hatched area in this histogram represents the amount of events remaining
after the lepton cut was applied to −∆Ee1, which corresponds to the area
between two dashed lines in the 2D spectra.
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(background), which can contribute to the reaction of interest, p+p →
p + p + e+ + e− , are discussed.

5.4.1 Accidental background

The so-called accidental background is caused by the accidental mis-
interpretation of the different reactions as ppe+e− reaction. In our ex-
periment the following cases can occur:

• a ppγ event in which the photon deposits energy in two separated
Plastic Ball detector modules and subsequently becomes recog-
nized as e+e− pair

• a γγ event being recognized as e+e− pair.

Due to the fact, that the detection efficiency for photons in the Plas-
tic Ball is much smaller than for leptons, and due to the good particle
identification efficiency, it is easy to diminish the above sources of back-
ground. The first point (ppγ contamination) is discussed in the next
subsection. The ppγγ contamination requires two external conversions
(i.e. (5%)2 =0.25%) and since σppγγ ≈ σppe+e− it is negligible.

5.4.2 Real-photon contamination

The photon from the real-photon bremsstrahlung reaction p + p →
p+ p+ γ can interact with matter, e.g. the target cell or the scattering
chamber. At energies of our experiment this results in a pair-production
process where the photon produces the dilepton pair γ → e+e−. A pri-
ori, the ppγ reaction cannot be distinguished from the ppe+e− reaction.

To estimate the influence of this effect a GEANT3 [GEA93] simula-
tion was performed from which the following conclusions were drawn.
The ppγ reaction produces events with a small opening angle between
electron and positron, thus the invariant mass of the pair is small.
Naively, we expect the cross section for the ppγ reaction to be two or-
ders of magnitude higher than the corresponding ppe+e− cross section.
However, an exact amount of pair-production is difficult to estimate,
since it depends on the amount of the material that facilitates the con-
version of the photon. According to the simulation (see Fig. 5.8), about
7% of the photons will convert to e+e− in the different material around
the liquid hydrogen target.
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Figure 5.8: The 2D histogram of leptons produced by real-photon conversion
in the target cell material. The positions of outgoing leptons relative to the
center of the target are given in lab angles. The white trapezoidal shape on
the picture shows where the target is placed into the Plastic Ball detector
(that part of the detector is removed to fit the target) and the circle marks
the area below the target. The sinusoidal shape of the histogram is caused
by the target container, which has a cylindrical shape (ring) and is oriented
at an angle of 65◦ relative to the beam direction. The contents (z-axis) is in
logarithmic scale.

However, only about 1% of the events will be detected and recog-
nized as dilepton events. In Fig. 5.9 two distributions of those events
are shown. Our estimation is that a contribution from the real-photon
contamination to the ppe+e− events is about 55% for Mγ < 20 MeV3

and the contribution for Mγ above 20 MeV is less than 3%. Therefore,

3(0.01 detected as ppe+e− ) × (0.98 with Mγ < 20 MeV) × (
σppγ

σ
ppe+e−

≈
1

α
= 137).
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in the extraction of the response functions (chapter 6) only the data
with Mγ > 20 MeV were analyzed.
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Figure 5.9: Left: the invariant mass Mγ distribution of the events produced
by the real-photon conversion in the target cell material. More than 98%
of those events have Mγ < 20 MeV (hatched). Right: the opening angle
Θ(e+, e−) distribution. The hatched events are the same as in the plot on
the left panel.

5.4.3 Foil contamination

The foil contamination was measured by taking data with an empty
target, i.e. a target cell without liquid hydrogen, at the operational
temperature (15 K) after the hydrogen has been evacuated. In that
way the contribution of the target foil could be estimated. The actual
measurement was performed with the same setup (the Plastic Ball de-
tector and SALAD) during the p + p → p + p + γ experiment [Sha04].
The analysis of events produced by the ppγ reaction has shown that
no valid ppγ events were found. Therefore we estimate that for the
p + p → p + p + e+ + e− events the contribution was negligible.

80



ppe+e− data analysis

5.5 Efficiencies

For a precise calculation of the total cross section the detector accep-
tances and efficiencies have to be accurately known. The acceptance
of our detector system is discussed later. In this section the detector
efficiencies are discussed.

5.5.1 Proton detection efficiency

By design, all inelastically scattered protons at 190 MeV incoming
beam energy should be stopped within the SALAD energy scintillators.
Therefore, the SALAD energy scintillators are 100% efficient for proton
detection. However, due to hadronic interactions, part of the proton
energy may escape and, consequently, the proton may remain unde-
tected. This effect was investigated in a GEANT3 simulation [GEA93]
and corrected for. The proton detection efficiency εhad, was found to
be εhad = 0.95 [Mes99].

5.5.2 The Plastic Ball lepton detection efficiency

The Plastic Ball detector modules are intrinsically 100% efficient for
detection of electrons and positrons, but due to rescattering (backscat-
tering), the detection efficiency can be smaller.

The effect of backscattering of the low energy leptons depends on
the angle of impact and on the kind of material that is used [Leo94]. We
have studied this effect for the Plastic Ball detector using the GEANT3
simulation package [GEA93]. Since the cuts on the detected energy of
the leptons are Emeas

e+,e− ≥ 5 MeV, we have found this effect to be less
than 1%.

Using the simulation tool we have found that there is a 5% prob-
ability for a photon to be detected as a lepton (to have an interac-
tion within the CaF2 part of the Plastic Ball detector). However, for
the ppe+e− reaction two leptons have to be detected simultaneously.
Accordingly, we assume that the detection of a pair of photons (and
recognized as leptons) is less than 0.3%, thus negligible.

5.5.3 The SALAD MWPC efficiency

To calculate the efficiency of the SALAD MWPC, events produced
by the SALAD single trigger were used. The calculation procedure is
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similar to the tracking procedure (see section 5.2.5) and it is performed
per MWPC plane (x,y, and u). The efficiency for the particular plane
was calculated by the so-called (11x) method; a subset of events was
used for which there was only one cluster of wires in any two planes
(11-) and the position of the cluster was then matched with the clusters
(–x) present in the third wire plane (the plane under investigation). If
the correspondence of clusters was established it was regarded as a good
event. The efficiency of the plane is then defined as the quotient:

εplane =
corresponding events in subset

all events in subset
, (5.6)

where the subsets are chosen differently for each plane.
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Figure 5.10: The MWPC efficiencies εx, εy, and εu for all three planes in-
dividually and the product εxyu, plotted as a function of the polar angle of
the proton θp. This plot was made from one typical run.

The calculated efficiencies are plotted for each plane in Fig. 5.10.
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The overall efficiency of the MWPC is given as the product of the plane
efficiencies,

εxyu = εxεyεu. (5.7)

It is observed that the εxyu efficiency drops for higher θp angles where
the MWPC coverage is not complete, but in addition, the u-plane is not
complete in those angles. Because of the construction in the vicinity
of the chamber edge, the u-plane is missing for some tracks that are
registered in the two other planes. A similar explanation holds for the
x-plane at the lowest angles. Also, due to missing wires, the x-plane is
not as efficient as the y-plane.

The protons used in the efficiency calculation are produced mainly
by the elastic channel. We assume that the calculated efficiency is valid
even for less energetic, inelastically scattered protons in ppe+e− reaction,
since the energy threshold for the proton detection was set at 20 MeV.
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Figure 5.11: The MWPC efficiency εxyu as a function of time (run number).
Note that one single point has a substantially smaller efficiency due to a high
voltage trip in one of the wire planes. Therefore it was disregarded in the
subsequent data analysis.
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The MWPC efficiency εxyu was investigated for the whole data set
and the plot is shown in Fig. 5.11. εxyu was calculated for the acceptance
of the SALAD MWPC. Based on the plot in Fig. 5.11 the total efficiency
εMWPC for our data set was calculated. Points were weighted by the
charge accumulated during each run and the value εMWPC = 0.923 ±
0.005 was obtained.

Most of the variations of εxyu which can be observed in Fig. 5.11
are presumably due to trigger saturation. As it was mentioned earlier,
the SALAD single trigger was saturated due to a problem in one of the
electronic modules, but because of the down-scaling used, that was not
noticed during the experiment. Since the variations are rather small,
it is difficult to draw a conclusion about the actual reason, because a
similar behavior can be induced by the gas-flow variations, gas-mixture
variations, temperature variations, etc. Note that the high voltage on
the MWPC wire planes was monitored during the experiment as well
as the current drawn.

5.5.4 Event reconstruction efficiency

In the reconstruction process we use the measured position values as
input, from which the full event is reconstructed. These values are
influenced by the position resolution of our detectors. The measured
energies, which are used as an initial guess for the reconstruction so-
lution, are influenced by the detector energy resolutions as well. As a
consequence, the reconstruction has a limited efficiency which means
that good events can be rejected and bad events accepted. To account
for this possibility, a reconstruction efficiency was estimated using a
Monte-Carlo calculation.

A n-body event generator GENBOD from [CPL92] was used to gen-
erate kinematically correct ppe+e− events. The reconstruction routine
was first tested using the exact positions generated by the event gen-
erator. As initial guess for energies we have used the generated values.
The reconstructed values for energies were compared to the generated
values from the event generator and all 250000 thrown events were
accurately reconstructed.

To investigate the influence of the finite detector resolutions we have
used the following approach. The events generated by the event gen-
erator GENBOD were folded with the detector resolutions; in the case
of protons detected in SALAD a position resolution ∆θ,∆φ of 0.5◦
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(as for the SALAD MWPC) was used and generated values normally
distributed with the resolution were used as input for the kinematic
reconstruction routine.

The position resolution ∆θ,∆φ for the Plastic Ball detector modules
is around 5◦, but we have used the position of the center of gravity of
a particular detector module as impact position for all leptons that
would fall within the module acceptance. In addition we have allowed
only events with non neighbouring detectors because the real data were
analyzed in this way as well.

As input for the energies (initial guess) the generated values folded
with detector energy resolution were used. The reconstruction was per-
formed for all generated events and a part of them was successfully re-
constructed. The reconstructed energy values were then compared with
input values using the cuts defined in Eq. (5.5) (used for event selection
in real data) regardless of whether they were successfully reconstructed
or not. From the events satisfying the cuts we have calculated the
efficiency of the kinematics reconstruction εrec:

εrec =
number of successfully reconstructed events

number of all events
. (5.8)

In Fig. 5.12 the reconstruction efficiency is plotted as a function of
the invariant mass Mγ of the dilepton pair. The plot shows that the
efficiency is better for higher Mγ, which is attributed to the influence
of the position resolution of the dilepton pair. For small dilepton pair

opening angles θe+e− the invariant mass Mγ ≈
√

2Ee+Ee+(1 − cos θe+e−)
becomes small as well. Due to the higher relative error in position de-
termination for the events with small θe+e− the reconstruction efficiency
decreases. Note that the error for the high Mγ bins becomes larger due
to the limited statistics close to the kinematical limit Mmax

γ ≈ 92 MeV.
The integrated reconstruction efficiency εrec for Mγ > 20MeV was

found to be εrec = 0.96±0.01. The chosen threshold for Mγ guarantees
that no background events contribute to the data. It is discussed in
section (5.4.2).

5.5.5 Trigger efficiency

The ppe+e− trigger is produced by the STU. To evaluate the trigger
efficiency of the STU we have to use an unbiased set of data, i.e. events
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Figure 5.12: The reconstruction efficiency for ppe+e− events obtained from
the Monte Carlo calculation.

produced by another trigger. The events produced by the Plastic Ball-
single trigger were used in the analysis. The Plastic Ball-single data
were analyzed for the ppγ reaction and the data set obtained was used
in further calculations.

Every event contains a bit-pattern indicating the main trigger pro-
ducing the event and signaling other triggers which were also present
when the event was acquired. By comparing how often ppγ events pro-
duced by the Plastic Ball-single trigger contain also the ppe+e− trigger
in the bit-pattern4, we can estimate what is the efficiency εSTU of the

4Note that the ppe+e− trigger is composed from ppe+e− and ppγ components, which
somewhat complicates the whole procedure.
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ppe+e− trigger. Obviously,

εSTU =
events for which ppe+e− bit was present in pattern

all ppγ events
. (5.9)

The reference [Sch98] gives values for the nominal efficiency of the
STU. Our estimate gives the result εSTU = 0.85 ± 0.03.

5.6 Acceptance

The efficiency of the measurement gives us an estimate how often a re-
action will be detected with our experimental apparatus. For example,
if the MWPC has a limited efficiency, there is a number of particles that
will be unaccounted for. The acceptance gives us an account of events
that will not be detected because of the limited phase-space coverage
of the apparatus, that is e.g. if the detector is not placed properly (or
if it is not functioning properly), or when a particle is not detected due
to some detection threshold.

We have studied the acceptance of the Plastic Ball detector and
SALAD for the p + p → p + p + e+ + e− reaction by using simulated
events. The ppe+e− events were generated by the Monte Carlo gener-
ator that was developed for the LET calculation (see chapter 3).

In Fig. 5.13 the acceptance obtained for the dilepton polar θl and
azimuthal φl angle is shown, where only events with Mγ > 20 MeV
were used in order to account for the threshold that is set for the data.
While the θl has a nearly flat acceptance (smaller acceptance at low
angles comes from the invariant mass threshold), for φl we see a large
variation in acceptance. This particular shape of the φl acceptance
influences the extraction of the response functions. The shape of the
acceptance with respect to φl is discussed in section 6.2.1.

To correct the measured cross section for the acceptance, the gener-
ated events were discriminated by using the number of cuts/conditions
in the same way as in the analysis of the real data. In that way a
subset of events was created that can be directly compared with the
experimentally obtained data set. We did not use a simulation of the
detector setup to include effects of detection efficiencies into the calcu-
lation. Rather, it seemed justified to assume that different detection
efficiencies are to a high degree independent of the detector acceptance.
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Figure 5.13: Left: the acceptance (ratio) as a function of the dilepton energy
sharing angle θl. Only events with Mγ > 20 MeV were taken into account.
Right: the acceptance as a function of the dilepton dihedral angle φl. The
particular asymmetry reflected in minimums at 0◦ and 360◦ being lower than
at 180◦, is introduced by the ordering of the events in θl (see subsection
3.2.1).

The acceptance is given as the ratio of the accepted events to all
events that are considered for detection (subset after cuts). The Plastic
Ball coverage limits the acceptance for the lepton polar angle 60◦ <
θe+ , θe− < 160◦. The SALAD coverage of the proton polar angle is
6◦ < θp1,2

< 26◦. Note that the proton azimuthal angle is fully covered
by the detector up to θp1,2

< 19◦ while the lepton azimuthal angle is
fully covered only in one part of the detector (for backward angles). The
overall acceptance for the given range of angles and for the invariant
mass Mγ > 20 MeV is 45.2%.

In Fig. 5.14 the acceptance correction is given as a function of Mγ

and as a function of the polar angle of the virtual photon θγ. The ac-
ceptance for larger Mγ is better mostly because the events with larger
opening angles have a higher probability of detection. However, sta-
tistically those events are less important. For θγ , the acceptance is
good in the actual detection range. It is somewhat better for backward
angles due to the missing detector modules in the forward part of the
Plastic Ball, but also due to the ppe+e− reaction kinematics. There is
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Figure 5.14: Left: the acceptance correction (ratio) as a function of the
invariant mass Mγ . Only events with Mγ > 20 MeV were taken into account.
Right: the acceptance correction as a function of the virtual-photon polar
angle θγ . Note that the actual detector coverage is (60◦ < θe+ , θe− < 160◦).
The rest of the angular distribution is present because the virtual photon is
detected via the dilepton pair. This, however, can be detected outside the
detector coverage for individual leptons.

a small number of events with θγ < 60◦ that are detected due to the
large opening angle of the dilepton pair.

5.7 The measured cross section for ppe+e− data

From the derived ppe+e− data set the cross section for the p + p →
p + p + e+ + e− reaction was calculated. Note that the cross section
is influenced by the phase-space coverage (acceptance) of the detection
system as well as by the cuts (thresholds) imposed during the data
analysis process.

The definition of the cross section σ is given in reference [Pov99].
In our case the measured cross section for ppe+e− reaction is:

σppe+e− =
ηA

εdet ρ δx NA

Nppe+e−

ninc

(5.10)

=
ηNppe+e−

εdet C Q t
. (5.11)

The parameters in the previous equation are:

η ≡ luminosity correction factor
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A ≡ atomic weight of the target (mg/mol)

Nppe+e− ≡ number of detected ppe+e− events

ninc ≡ number of incoming protons

NA ≡ Avogadro’s constant (1/mol)

δx ≡ nominal target thickness (cm)

ρ ≡ liquid hydrogen target density (mg/cm3)

εdet ≡ total detection efficiency

t = ρ δx ≡ nominal target surface thickness (mg/cm2)

Q = ninc q ≡ accumulated charge (nC)

C =
NA

A q
≡ constant.

The constant C = 3.79 · 10−3mg−1 · nC−1 · cm2 · nb−1.
The number of incoming protons ninc was calculated from the mea-

surement of the integrated charge Q by the Faraday cup. The rela-
tive accuracy of this method was estimated in a previous experiment
[Hui99] to be 3%. The measurement of the integrated charge was cor-
rected for dead-time of the data acquisition electronics resulting in
Q = 1.41 · 106 nC.

The nominal target surface thickness t is given by the product of
the density ρ = 70.8 mg/cm3 of liquid H2 and the thickness δx = 1 cm
of the target. The target is subject to bulging, therefore the luminosity
has to be corrected for an effective target thickness. Since it was not
possible to investigate the elastic channel, an estimate was made by
using the ppγ data. The number of scattering centers in the target can
be calculated from the target atomic weight A and the nominal target
thickness t.

The total detection efficiency εdet is the product of all detection,
reconstruction, and trigger efficiencies:

εdet = ε2
MWPC ε2

had εrec εSTU . (5.12)

The values of εMWPC and εhad appear squared because they are cal-
culated for a single proton. By using the values already given in this
chapter, the value for the total detection efficiency εdet = 0.62 is ob-
tained.

The number of events in our set is Nppe+e− = 3500, thus by Eq. (5.11)
the measured cross section in our experiment is σppe+e− = 0.0187 nb.
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Note that this is the experimentally measured cross section which is
integrated for the whole acceptance of the detector setup and above
the applied energy threshold of all 4 particles.

5.8 Luminosity corrections

So far we have discussed the process of the data analysis in which the
cross section for the p + p → p + p + e+ + e− reaction was obtained.
Though the measurement provides a value for the cross section, this
value is still influenced by statistical and systematical uncertainties.
The most influential systematical uncertainty is the thickness of the
liquid hydrogen target.

The windows of the liquid hydrogen target are made of 4 µm thin
foil, which is elastic and, therefore, subject to bulging. The bulging
causes a change in the effective thickness of the target resulting in an
increased luminosity. The exact amount of the bulging could not be
directly measured in a reliable way. It is known from the previous exper-
iments [Hui99, Mes99] that it is of the order of 30%, which corresponds
to the luminosity correction factor η ≈ 0.8.

The intention in dealing with this problem was to normalize our data
to the well-known p+ p → p+ p cross section. However, the analysis of
the elastic channel has revealed problems with its trigger and was finally
not used for normalization. Following the results of the ppγ experiment
[ShaTH] that was performed on the similar experimental setup (Plastic
Ball + SALAD), but with smaller target, where values of η between
0.67 and 0.76 were extracted, we have used the luminosity correction
factor η = 0.8, which is in accordance with [Mes99].
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Chapter 6

Results and comparison to
theory

In this chapter the final results of this thesis are presented. As it was
stated in the introduction, the main objective of this work is the extrac-
tion of the response functions (RF) from the measured cross sections
for the ppe+e− reaction. Along with the extracted RFs the theoretical
predictions are given. We have used two different low energy theorem
(LET) calculations for comparison with the data. The method used to
extract the RFs is essentially the same for both the measured data and
the theory simulation, as it was already discussed in chapter 3.

In the previous chapter we were discussing the data analysis that
led us to the final set of data. During the process of analysis a number
of constraints were imposed on the data, that have to be taken into
account when comparison to theory is made. We start by presenting
the measured cross sections.

6.1 Measured cross section

In section 5.7 we have discussed how the cross section is obtained from
the data. Due to the limited statistics of our data set, we were forced
to integrate the data over all variables except the one of interest, in
order to achieve more significant results1.

1As shown in chapter 2, the fully differential 8-fold cross section for the ppe+e− reaction
is further integrated over leptonic angles to give the 6-fold differential cross section:
d6σ/dΩp1

dΩp2
dθγdMγ . Here we have to integrate over all variables except the one of
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6.2 Extraction of the RFs from the measured cross section

Two differential cross sections are presented: dσ/dMγ in Fig. 6.1
and dσ/dθγ in Fig. 6.2. The cross sections in both plots are inte-
grated over the acceptance of our experimental setup, i.e. for protons
6◦ < θp1

, θp2
< 26◦ and for leptons 60◦ < θe+ , θe− < 160◦. The az-

imuthal coverage for the given polar angle coverage is full and the data
points are corrected for the detector acceptance. Note that selections
applied to the experimental data set have to be taken into account for
the theoretical calculations as well: the energy of the protons and lep-
tons has to be higher than 25 MeV and 5 MeV, respectively. These
conditions apply to all data presented in this chapter, unless explicitly
pointed out differently. Also all presented data have Mγ > 20 MeV.

In Fig. 6.1 the measured cross section is shown as a function of the
dilepton invariant mass. The presented data are corrected for accep-
tance (Fig. 5.14). The comparison is made to the two LET calculations
introduced in section 2.3. The model based on the original low-energy
theorem approach is labeled VL (Virtual-Low). The other model is
based on the Liou-Lin-Gibson approach [Lio93] that is applied to the
virtual photon case. The agreement between theory and experiment is
good. It appears that the VL calculation has a better agreement with
the data, except for Mγ > 70 MeV.

In Fig. 6.2 the cross section is plotted as function of the polar angle
of the virtual photon. As in Fig. 6.1, the VL calculation appears to
describe the data better than the LLG calculation, except for the region
of the maximum cross section.

6.2 Extraction of the RFs from the measured cross
section

The extraction of the response functions was already discussed in sec-
tion 3.2. In principle there is no difference in the procedure of the
extraction that is used for the Monte Carlo integrated calculations to
the one that is used to extract the RFs from the measured data. How-
ever, certain obstacles do exist and we have to take them into account.

The experimental data set has limited statistics which implies that
we have to extract RFs by integrating over the whole data set. As
a result of such integration, one obtains averaged response functions.

interest to obtain a single-fold differential cross section.
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Figure 6.1: The measured cross section as a function of the invariant mass
Mγ of the dilepton pair compared to the predictions of the two LET calcu-
lations: VL (full) and LLG (dashed line). The error bars include statistical
as well as the systematic errors due to the acceptance correction.

Depending on the particular response function, averaging can lead to
partial or even full cancelation (if the RF can assume opposite signs).
Therefore, one my encounter difficulties in obtaining a reliable response
functions.

Another necessary ingredient for a successful extraction of the inter-
ference RFs is the constant and uniform dihedral angle coverage which
has to be realized in order to exploit the orthogonality property of the
spherical harmonics (see section 3.2.1). As it will be shown in the re-
mainder of this section, the obtained shape of the dihedral angle φl

acceptance is crucial for the successful extraction of the interference
RFs.
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Figure 6.2: The measured cross section as a function of the polar angle θγ

of the virtual photon. The comparison is made to the two LET calculations
(full and dashed line).

6.2.1 Dihedral angle distribution

To enable a smooth extraction of the interference response functions
the dihedral angle should have a uniform and constant acceptance over
the whole angular range. This would be the case for a dilepton detec-
tor with full 4π acceptance. Though the Plastic Ball detector, that was
used to detect leptons in our experimental setup, has a near-4π cover-
age, its actual acceptance influences the dihedral angle distribution.

The experimentally obtained φl distribution is shown in Fig. 6.3. For
the sake of convenience, the acceptance of our experimental apparatus
obtained in section 5.6 is shown as well. Obviously, the distribution
is not constant, but rather, it has two peaks at φl = 90◦ and φl =
270◦. To qualitatively understand this distribution we refer to Fig. 2.1.
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Figure 6.3: The dihedral angle φl distribution measured for the whole data
set (points). The calculated ppe+e− acceptance (taken from Fig. 5.13) and
normalized to the measured distribution is given for comparison (line). Note
the particular two-hump shape.

From the definition of the coordinate system therein, the virtual photon
direction together with the incoming proton defines the reaction plane.
The dilepton pair defines the dilepton plane, and the dihedral angle is
defined as the angle between the reaction plane and the dilepton plane.
Let us imagine a situation in which the virtual photon is emitted at θγ =
100◦. At that angle our experimental setup has full azimuthal coverage,
which means that any dilepton pair in the dilepton plane perpendicular
to the reaction plane (φl = 90◦ or φl = 270◦), regardless of the dilepton
opening angle, will be within the detector acceptance. However, if we
move out of the perpendicular position, for certain opening angles we
will reach the detector boundaries and consequently, a portion of the
leptons will fall outside of the detector acceptance. This becomes most
pronounced for the case where φl = 0◦ or φl = 180◦, since the forward
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opening of the Plastic Ball detector was made large to accommodate
SALAD.

The uniform φl distribution is necessary because we want the inte-
gration weighted by particular spherical harmonics in the extraction of
the response functions to be 0. Any non-harmonic shape of the distri-
bution will influence the extraction of the RFs because the cancelation
of the products of the orthogonal spherical harmonics will be spoiled.
Even more pronounced is the effect that is produced by non-cancelation
of the integrated spherical harmonics when the contribution of WT is
regarded. Since the latter presents the greatest part of the transition
amplitude squared |A|2, any non-cancelation will produce a significant
parasitic contribution to the extracted RF.

In the case of the distribution given in Fig. 6.3, we can investigate
how the contributions will look like for the case of different spherical
harmonics. The histograms for different spherical harmonics are shown
in Fig. 6.4. It is clear from the presented histograms that the ex-
perimentally measured distribution of φl will produce reasonably good
cancelation in the case of sin φl and sin 2φl, while for the cos φl and
cos 2φl we can expect a negative contribution.

In order to minimize the effect introduced by the Plastic Ball de-
tector acceptance, a subset of events was chosen with the intention to
produce the data set with an almost flat distribution of the dihedral
angle. We have required θγ to be in the central part of the Plastic
Ball detector (95◦ < θγ < 135◦) and the opening angle of dilepton pair
θe+e− to fall within the detector acceptance (θe+e− < 50◦). The result-
ing distribution is shown in Fig. 6.5. The obtained distribution can
be regarded as flat, although the additional constraints imposed onto
the already limited statistics of our measurement produce a data set
containing about 500 events.

The response functions were extracted for both distributions shown
in Fig. 6.3 and 6.5, and these results are discussed below.

6.2.2 The results for the extraction of WT and WL

First we present the results for the extraction of the transversal and
longitudinal response functions for the whole set of events in Fig. 6.3.
The extraction is performed following the prescription given in section
(3.2.1). Since the integration performed in order to extract the RFs
extends over a wide experimental bin, actually the averaged response
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Figure 6.4: Four histograms of our data weighted with different spherical
harmonics: sin φl, cos φl, sin 2φl, and cos 2φl, plotted as a function of the
dihedral angle φl distribution from Fig. 6.3.

functions are shown. For the sake of clarity in the discussion of the RFs
below, we will call the extracted RF the averaged (W ), and refer to the
parasitic contributions (all other contributions to the RFs) without a
bar over the function symbol.

For all presented results, the data points represent the response func-
tions extracted from the measured cross section and lines and bands
present the results of the extraction for the theoretical calculation. In
each graph the grey band represents the RF extracted from the the-
oretical model that should be compared to the data points. Here the
width of the band gives the statistical uncertainty of the Monte Carlo
integration. The corresponding lines represent different contributions
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Figure 6.5: The dihedral angle φl distribution for a particularly chosen part
of the acceptance, resulting in an almost flat distribution.

to the extracted RF, while the contribution of the RF that is extracted
has a thicker line shape.

The results of the extraction of W T and W L are given in Fig. 6.6.
The comparison is made to the VL theoretical model.

As already discussed in section 3.2.1, one employs the dilepton po-
lar angle θl dependence in order to facilitate the extraction. For the
transversal RF we minimize the WL contribution by selecting θl < 40◦.
Accordingly, we choose θl > 40◦ to enhance the WL/WT ratio in the
extraction of the longitudinal RF. We observe that W T is accurately de-
termined experimentally. The observed contributions from interference
RFs and from WL are negligible. Within the given statistical accuracy
of our data we also observe a good agreement between theory and data.

For the extracted W L one notices that the influence of the WT part is
significant. Nevertheless, the WL contributes about 10% to the averaged
amplitude W L. Our data seems to imply that the WL contribution is
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Figure 6.6: The extraction of the transversal and longitudinal response func-
tions for the whole data set. Data points represent the values extracted from
the data. The VL theory calculation is Monte Carlo phase-space integrated
over the same acceptance as for the experimental setup. It is shown as a grey
band where the thickness represents the statistical error of the integration.
The different RF contributions are given as lines (see Legend).

even higher than predicted by the model.

6.2.3 The results for the extraction of the interference RF

From the discussion in section 6.2.1, it was clear that the extraction of
the interference RFs will be influenced by the particular shape of the
φl distribution given in Fig. 6.3. Due to the non-harmonic parts in the
distribution, the parasitic contributions do not cancel, but instead are
significant, in particular the WT contribution. However, by choosing
an almost flat distribution, Fig. 6.5, we have tried to overcome the
non-cancelation of the parasitic contributions.

In Fig. 6.7 the extracted interference RFs are shown. The compar-
ison is made to the VL theoretical model. For the interference RFs
(W x, x = TT, TT′, LT, LT′) we see that the most pronounced parasitic
contribution comes from the transversal RF WT. In the case of WTT the
poor cancelation results in an overwhelming negative WT contribution
and still comparably strong negative WL contribution.

For W
′
TT the situation is much better because we have to use φevent
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Figure 6.7: The extraction of the interference response functions for the
whole data set. The labeling is the same as in Fig. 6.6. The comparison is
made to the VL theoretical model.

in order to prevent the cancelation of the W ′
TT itself, as discussed in

section 3.2.1. The sign function of φevent causes the cancelation of all
parasitic RFs, except W ′

LT. In this case we can conclude that the data
are reasonably well described by the calculation. For the first time the
value of the W ′

TT is extracted in a model independent way from data,
and accurately determined.

For W LT the situation is similar to W TT with a remark that in this
case contributions from other RF are negative while the RF itself is
positive. However, the data are, like for the WTT, overestimated by
the theory. Our data indicate that WLT needs to have a much larger
positive amplitude than that predicted by the model.

Finally, we address the W
′
LT RF for which we also use the φevent
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dependence to facilitate the extraction. The cancellation of all other
response functions is very good (as expected from the similar proce-
dure followed for W ′

TT). Our data implies that the theory strongly

underpredicts the W
′

LT response function.

From the above shown results, we can conclude that this data set
enables reasonably good extraction of W

′

TT and W
′

LT. However the
other two RFs are not extracted in a satisfactory way. Therefore, we
use the constrained subset of events to facilitate the extraction of those
RFs.

The extraction of the RFs using the constrained set of events, with
the φl angle distribution shown in Fig. 6.5, is presented in Fig. 6.8.
Compared to Fig. 6.7, the statistics here is furthermore reduced, and,
moreover, due to the strongly constrained dilepton opening angle the
range of the values for the invariant mass Mγ becomes constrained as
well.

It can be seen that the additional cuts have made the extraction
of WTT possible. For WTT our data clearly shows that the sign of
this amplitude is correct, but the magnitude might be overestimated
by the theory. W

′

TT was already obtained for the full data set, and
for this constrained phase-space (20MeV < Mγ < 30MeV) the data is
underestimated by theory, just like in Fig. 6.7.

The extraction of the transverse-longitudinal interference response
function (both W LT as well as W

′
LT) is somewhat difficult. The sensi-

tivity of W LT is in this subset of the data rather good in the sense that
all parasitic contributions are small. Our data would require a much
larger theoretical WLT with a strong negative component. We notice
that for the total data set the conclusion that WLT was underpredicted
by theory was also obtained. However, while for the whole data set the
sign of the missing amount of the WLT was positive in order to match
our data, here a negative contribution is required. This indicates that
a WLT changes sign within the phase-space covered by our experiment.
This is also the case in the theory, but obviously the integration does
not agree with the data. In this subset of our data W

′

LT is too sensitive
to the amplitude of WT. Therefore, after our studies no conclusion can
be obtained from this part of the phase-space.

As the final result, in Fig. 6.9 we give the comparison of the already
presented data from Fig. 6.8 with the LLG calculation. Since the pre-
dictions of both models for the interference response functions do not
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Figure 6.8: The extraction of the interference response functions for the
reduced data set. The labeling from Fig. 6.6 applies here as well. The VL
theory calculation is used for comparison. Note that the range of Mγ is only
10 MeV.

differ a lot, the deviation from our data are in principle the same as
the ones commented upon on Fig. 6.8. With the obtained statistical
accuracy of the data it would be unwise to decide which calculation is
better in describing the data. We can only make the remark that the
extracted RFs show the expected behaviour. The absolute value for
the LLG calculation is somewhat higher than for the VL calculation
which is consistent with the cross section calculation.
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Figure 6.9: The response functions for the LLG calculation are plotted with
the same constraints as for the VL calculation in Fig. 6.8. The labeling is
the same as in Fig. 6.6.

6.3 Conclusion and outlook

The work described in this thesis was undertaken in order to enhance
our knowledge of the nucleon-nucleon interaction, in particular the
knowledge of the virtual bremsstrahlung process in pp collisions. Based
on the experience that was gained in the pilot experiment we hoped
that it would be possible to achieve sufficient accuracy to extract all
the different response functions.

As it turned out, the experiment was not an easy one. The biggest
challenge was to measure such a small cross section in the presence of
a huge elastic background. This problem will always hinder this kind
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of measurement and one cannot hope to find an elegant solution. The
obtained results are the real measure of the achievement.

Although the goal set in the experimental proposal, according to
which higher statistics was expected mainly on behalf of a higher lumi-
nosity, was not fully realized, we proved that with our detector system
it was possible to measure ppe+e− events and to obtain the results that
can be used as guidelines for further theoretical development. The
present study represents one order of magnitude increase in the sta-
tistical significance of the results compared to the data from the pilot
experiment. The obtained cross sections are still not precise enough to
give a clear discrimination between the presented models, but the VL
model describes the cross sections better than the LLG model, which
is in accordance with results of the pilot experiment [Mes00]. Accord-
ing to the same reference the microscopic model is generally worse in
describing the cross sections but comparatively better in describing the
response functions. In this work we did not make a comparison to any
microscopic model, so it still remains to be seen if the improved version
of the microscopic calculation [Cos04] is in better agreement with our
data.

The main topic of this work, the extraction of the nucleonic response
functions was realized with success. We were able to extract transversal
and longitudinal RFs without any significant contribution from the
interference RFs. Similar success was achieved in the extraction of
W

′
TT, for which no significant parasitic contribution was found. For the

whole data set, the interference response functions W
′
TT and W

′
LT were

successfully determined in a model-independent way from our data. In
order to facilitate the extraction of the W TT and W LT we have narrowed
our data set which has enabled us to extract the remaining two RFs in
a model-independent way. In that sense we have achieved the goal of
this experiment.

Another rewarding result for an experimentalist is the experience
gained during the performance of the experiment. Deeper insight into
a number of crucial issues and problems have provided suggestions for
a number of possible solutions and improvements. For the further re-
duction of a photon induced dilepton background, it would still be im-
portant to develop a windowless high-density liquid hydrogen target.
A possible solution might be the pellet target system. One of the im-
provements to our detector setup that was under consideration for some

106



Results and comparison to theory

time was the introduction of the Cherenkov material for an exclusive
lepton triggering. This would substantially increase the triggering effi-
ciency and enable us to use much higher rates, eventually limited only
by the bandwidth of the data acquisition system. However, that would
require a different detector setup since the present one was already at
its maximum performance.

The quality of the obtained data was of course influenced by the
experimental setup. This experiment underlined that, if one aims to
achieve high-quality on the extraction of the response functions, the
dileptons have to be detected with 4π coverage. This problem will
certainly be an obstacle for any measurement to come. Nevertheless,
despite and because of it, it will make any future undertaking into the
field of virtual bremsstrahlung even more challenging.
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Nucleon-nucleon wisselwerking

Onze bekendheid met de kracht die tegenwoordig bekendstaat als de
sterke wisselwerking werd ingeleid door Chadwicks ontdekking van het
neutron in 1932. Tot die tijd waren alleen de zwaartekracht en de
elektromagnetische wisselwerking goed beschreven. Introductie van een
sterkere kracht dan de elektromagnetische was echter nodig om te verk-
laren hoe protonen en neutronen in de kern samengebonden konden
worden. Kort daarna werd de eerste theorie van de sterke wisselw-
erking voorgesteld door Yukawa (1935). In analogie met de kwantum
elektrodynamica (QED), waar het foton als de massaloze drager van de
elektromagnetische kracht een oneindige reikwijdte heeft, nam Yukawa
aan dat de korte reikwijdte van de sterke wisselwerking veroorzaakt
werd door uitwisseling van een deeltje met een massa ergens tussen de
massa van de nucleonen en de massa van het elektron - het meson. De
Yukawa potentiaal wordt in een versimpelde vorm gegeven door:

VYukawa ∝
exp(−µr)

r

hierbij is r de afstand tussen twee nucleonen en µ = mc/h̄, waar m
de massa van het uitgewisselde deeltje is. Hoewel het muon enige tijd
foutief werd aangezien voor Yukawa’s deeltje, bevestigde de ontdekking
van het pion (π) in 1947 het fundament van de theorie van de nucleon-
nucleon interactie en maakte het de weg vrij voor verder onderzoek.

Na de experimentele ontdekking van het pion is er veel moeite
gedaan om de NN potentialen verder te ontwikkelen. Twee verschil-
lende methoden bepaalden dit veld van onderzoek: de fenomenologis-
che en de theoretische. Terwijl de fenomenologische aanpak grotendeels
afgeleid was uit de gemeten feiten en dus ook beter overeenstemde met
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experimenten, was de theoretische aanpak gebaseerd op de meson the-
orie. In beide theorieën werd een aantal parameters gëıntroduceerd die
afgeleid werden uit metingen. Zo bekeken werd aan de parameters die
afgeleid werden uit pure fenomenologische observaties vaak een fysische
interpretatie toegekend in de theoretische modellen.

Sinds de kwantum chromodynamica (QCD) ten tonele verscheen,
wordt deze algemeen aanvaard als de theorie van de sterke wisselw-
erking. Volgens QCD zijn alle nucleonen opgebouwd uit quarks die
bijeengehouden worden door gluonen. In feite wordt verondersteld dat
alle deeltjes die de sterke wisselwerking voelen, opgebouwd zijn uit
quarks en gluonen. Het gluon is de drager van QCD en kan daarom
ook worden gezien als de drager van de sterke wisselwerking in de NN
interactie. Omdat de grootte van de QCD koppelingsconstante ons ver-
hindert de storingsrekening in deze theorie toe te passen, is het echter
gebruikeijk in deze situatie effectieve vrijheidsgraden te gebruiken. In
een näıeve voorstelling is de afstand tussen twee nucleonen te groot
om direct gluonen uit te wisselen, daarom verloopt de uitwisseling
via deeltjes van kleine massa. Volgens Heisenbergs onzekerheidsbe-
ginsel, ∆E · ∆t ≈ h̄, kunnen we een eenvoudige afleiding maken. Met
∆t = ∆R/c en ∆E = ∆mc2 verkrijgen we een relatie tussen de onzek-
erheid in de reikwijdte ∆R en de onzekerheid in de massa ∆m:

∆R ≈
h̄c

∆mc2
.

Met h̄c ≈ 197 MeV fm en een typische afstand1 van 2 fm kunnen we
berekenen dat de massa van het uitgewisselde deeltje ongeveer 100 MeV
bedraagt. Doordat de NN interactie via zulke effectieve vrijheidsgraden
beschrijven worden modellen die deze aanpak hanteren effectieve mod-
ellen genoemd.

Proton-proton (virtuele) remstraling

Op dit moment heeft ons begrip van de NN interactie zo’n hoog niveau
bereikt dat we de resultaten van elastische verstrooiingsexperimenten
met hoge nauwkeurigheid kunnen interpreteren en voorspellen. Echter,

1Uit oogpunt van compleetheid is het het vermelden waard dat de NN interactie in
drie regionen is opgedeeld: het klassieke bereik (lange afstand; r > 2 fm), het dynamische
bereik (middellange afstand; 1 fm< r < 2 fm) en het kern bereik (korte afstand; r < 1 fm).
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een van de doelen van de kernfysica was een nucleon-nucleon potenti-
aal te verkrijgen die tevens als basis kon dienen bij het begrijpen van
een systeem dat is samengesteld uit vele nucleonen - de kern. In de
kern oefenen de nucleonen invloed op elkaar uit via de sterke en de
elektromagnetische wisselwerking.

Moderne NN potentialen worden verkregen en geparametriseerd
om de data die uit elastische verstrooiingsexperimenten is verkregen,
zo goed mogelijk te beschrijven. Een verschil tussen de nucleonen in
de kern en die in de verstrooiingsexperimenten is echter dat de eersten
zich in een gebonden toestand bevinden, terwijl de laatsten vrij zijn.
De gebonden toestand is gunstiger uit energie oogpunt. Nucleonen in
een dergelijke toestand worden beschreven door een massa die effectief
lager is dan die van een vrij nucleon. Het is duidelijk dat men dergeli-
jke effecten mee moet nemen in de NN potentiaal om tot een hogere
nauwkeurigheid te komen.

Van een nucleon dat de sterke wisselwerking ondergaat en een ef-
fectieve massa heeft die lager ligt dan de vrije nucleon massa wordt
gezegd dat hij “off-the-mass-shell” is. De “off-shellness” is gerelateerd
aan de eigenschap van deeltjes dat in elk referentie systeem de massa
van het deeltje, gegeven door m2 = E2 − p2, constant (invariant) is,
waar E en p de energie en impuls in het betreffende referentie systeem
zijn. Dit betekent dat elk detecteerbaar deeltje een goed gedefinieerde
massa heeft. Volgens het onzekerheidsbeginsel geldt echter dat tijdens
een interactie die een tijd ∆t in beslag neemt, de energie van een deeltje
kan variëren met ∆E, en dus is de massa tijdens de interactie niet con-
stant. Dit wordt bedoeld met een deeltje dat “off-its-mass-shell” is.

De meest eenvoudige manier om effecten van de effectieve massa
en het “off-shell” gedrag in de NN interactie te behandelen is door de
elastische NN verstrooiingsexperimenten door te trekken naar het in-
elastische gebied. In dat geval worden er een of meer deeltjes gecreëerd,
al naar gelang de energie die in de reactie gestopt wordt. Het productie
mechanisme is gerelateerd aan de geëxiteerde toestand van het nucleon
tijdens de reactie. Dat nucleon raakt tengevolge van de interactie voor
een korte tijd “off-shell”. Om gevoelig te zijn voor de beschrijving van
dat “off-shell” nucleon meet men het tijdens de reactie geproduceerde
deeltje.

Het simpelste proces dat gebruikt kan worden is de zogenoemde rem-
straling productie waarbij een foton wordt geproduceerd in inelastische
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NN verstrooiing. Een uitbreiding hiervan is de virtuele remstraling pro-
ductie. Hierbij worden twee deeltjes geproduceerd: een elektron en een
positron. Volgens QED kan zo’n paar leptonen, oftewel een dilepton
paar, opgevat worden als een virtueel foton, dat wil zeggen een foton
dat “off-the-mass-shell” is. Hoewel de massa van een foton gelijk is aan
nul, is de massa van een virtueel foton Mγ 6= 0. In Figuur 1 wordt een
illustratie van elastische verstrooiing en virtuele remstraling gegeven.

Experiment en resultaten

Vanuit experimenteel oogpunt heeft het de voorkeur om pp verstrooiing
te onderzoeken dan een reactie waarbij neutronen zijn betrokken. Er
kunnen protonen bundels van hoge kwaliteit en intensiteit geproduceerd
worden. Ook zijn proton doelwitten van hoge dichtheid beschikbaar.

p2

p2
’

p1
’

e−

e+

γ∗

p1

p2

p1
’

p2
’

p1

Figuur 1: Links: een illustratie van elastische pp verstrooiing in twee ti-
jdsstappen. Het inkomende proton p1 botst op proton p2, dat zich in rust
in het doelwit bevindt. Door de interactie tussen de protonen worden beide
deeltjes (p′1, p

′
2) zodanig verstrooid dat de totale energie en impuls behouden

blijven (p1 + p2 → p′1 + p′2). Rechts: de productie van virtuele remstraling
is een inelastisch proces waarbij een elektron-positron e+e− paar vrijkomt
uit een virtueel foton γ∗ → e− + e+. In een inelastisch proces wordt een
gedeelte van de totale energie gebruikt om de extra deeltjes te produceren
(p1 + p2 → p′1 + p′2 + e− + e+).
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Door combinatie van een doelwit van hoge dichtheid met een intense
bundel heeft men de beschikking over een hoge luminositeit, hetgeen
noodzakelijk is als we reacties willen meten die relatief zeldzaam zijn.
Ter vergelijking: de ppγ remstralingsproductie treedt ongeveer een
factor 104 minder vaak op dan pp elastische verstrooiing, en ppe+e−

virtuele remstralingsproductie is weer 100 maal zeldzamer dan ppγ.
Een andere experimentele reden om protonen te gebruiken is dat ze
veel eenvoudiger te detecteren zijn dan neutronen.

dunne
scintillatoren

scintillatoren
dikke

bundel
pijp

 verstrooiings
kamer

MWPC Plastic Ball

SALAD

Figuur 2: Een driedimensionale weergave van de experimentele opstelling.
De Plastic Ball is een holle bol opgebouwd uit kleine trapezöıde detector-
modules. SALAD bestaat uit twee rijen scintillators en een proportionele
dradenkamer (MWPC). Ook weergegeven zijn de bundelpijp en delen van
de verstrooiingskamer.

Bij het experiment hebben we twee detectie systemen gebruikt.
De “Small-Angle Large-Acceptance Detector” (SALAD) voor het de-
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tecteren van protonen, en de Plastic Ball detector voor de elektron-
positron paren. De belangrijke functie van SALAD was het mogelijk
maken van een simpele en snelle manier om elastische verstrooiin-
gen te verwerpen dan wel te onderdrukken. Dit verbetert de sig-
naal/achtergrond verhouding aanzienlijk. Om de ppe+e− reacties te
selecteren is vereist dat er tegelijkertijd twee inelastische protonen in
SALAD gemeten werden en twee elektromagnetische deeltjes in de Plas-
tic Ball. Desondanks stamde niet elke meting die aan deze eisen voldeed
uit een ppe+e− reactie. In de Figuren 2 en 3 geven we een illustratie
van de opstelling.

e−
e+

Protonen
bundel

Vloeibaar waterstof
doelwit

p

p

p

SALAD

Plastic Ball

Figuur 3: Schematische weergave van de ppe+e− reactie. Twee proto-
nen p worden geregistreerd in de dikke scintillatoren en de proportionele
dradenkamer. De inelastisch verstrooide protonen hebben minder energie
dan elastisch verstrooide proton, en stoppen daarom in de dikke scintil-
latoren. De elastisch verstrooide protonen worden daarentegen ook gede-
tecteerd door de dunne scintillatoren zodat ze eenvoudig te verwerpen zijn.
Het elektron-positron paar wordt gedetecteerd in de Plastic Ball, elk in een
aparte module. Na ontvangst van de signalen dat alle vier de deeltjes tegelijk
gedetecteerd zijn, wordt deze meting weggeschreven.

SALAD kan protonen detecteren in het polaire hoekbereik 6◦ <
θp < 26◦ en bestrijkt de volle azimuthale hoek tot 20◦. Tot aan 160◦
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bestrijkt de Plastic Ball de volledig azimuthale hoek, terwijl de voor-
waartse hoeken vanaf 60◦ ook bestreken worden, met uitzondering van
een uitsparing aan de bovenkant van de detector. Deze uitsparing dient
om plaats te maken voor het systeem dat het doelwit omgaf.

Uit de resultaten van een voorstudie was het bekend dat de grootste
winst te behalen was uit de extractie van de responsfuncties als men
de faseruimte van de dileptonen beter bestrijken kon, oftewel als de
elektron-positron paren met een betere acceptantie gedetecteerd kon-
den worden. Dit is gerealiseerd door het gebruik van de Plastic Ball
detector, die een groot gedeelte van de dilepton faseruimte afdekt. Na
een gedetailleerde analyse zijn ongeveer 3500 achtergrondvrije metingen
verzameld.
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Figuur 4: De geëxtraheerde W
′
TT responsfunctie (punten) uitgezet tegen de

invariante massa van het virtuele foton Mγ , vergeleken met het theoretisch
model (grijze band). De andere weergegeven lijnen geven de theoretisch
voorspelde bijdragen van de verschillende parasitaire componenten aan de
geëxtraheerde functie weer.
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Uit de verkregen gegevens zijn de differentiële werkzame doorsneden
berekend. Voor de reactie p+p → p+p+e+ +e− kunnen de werkzame
doorsneden in de zogenaamde longitudinale-transversale decompositie
opgesplitst worden in zes responsfuncties. Het belangrijkste onderwerp
van dit werk is het extraheren van die responsfuncties. We zullen hier
niet op de details daarvan ingaan, maar in plaats daarvan presenteren
we een karakteristiek resultaat van de extractie.

In Figuur 4 is de geëxtraheerde W
′
TT responsfunctie weergegeven.

De extractie is uitgevoerd door gebruik te maken van orthogonale sfe-
risch harmonische functies. De orthogonaliteit is echter niet compleet
zodat men parasitaire bijdragen van andere responsfuncties krijgt. Ons
doel is die bijdragen te minimaliseren. Naast de geëxtraheerde re-
sponsfunctie zelf (W ′

TT) zijn in Figuur 4 ook de parasitaire bijdra-
gen van de transversale (WT) en de longitudinale (WL) responsfuncties
weergegeven. Deze drie responsfuncties zijn samengenomen in de band
W

′

TT, die vergeleken wordt met de data. Het is duidelijk dat data en
theorie goed met elkaar overeenstemmen. Bovendien is de extractie op
een vloeiende manier uitgevoerd met zeer kleine parasitaire bijdragen.

De verkregen data zijn vergeleken met de zogenoemde “low energy
theorem” (LET) theorie. Deze theorie beschrijft het gedrag van de
“off-shell” nucleonen door bepaalde benaderingen op globaal niveau of,
meer precies, door impliciet de hogere orde diagrammen mee te nemen.
Daarom wordt deze aanpak soms macroscopische berekeningstheorie ge-
noemd. De andere theorie is de microscopische berekeningstheorie, die
de hogere orde diagrammen expliciet meeneemt. In dit werk is slechts
een vergelijking gemaakt met de LET theorie. Het is echter bekend
uit eerder werk dat de microscopische theorie nauwkeuriger resultaten
geeft voor de responsfuncties. Het zou daarom nuttig zijn als onze data
ook vergeleken werd met de microscopische theorie.
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STELLINGEN

behorende bij het proefschrift

Electromagnetic response functions in
proton-proton scattering

Mladen Kǐs

1. The decomposition of the squared transition amplitude for virtual photon
production in proton-proton scattering can be exploited to study the nucleonic
current in great detail.

2. The measurement of the virtual bremsstrahlung in proton-proton scattering is
always accompanied by an overwhelming amount of background from elastic
scattering. Nevertheless, with equipment sustaining high rates and with a
clever trigger design it was possible to determine the virtual bremsstrahlung
cross section with high accuracy.

3. The Plastic Ball detector, originally built for experiments with heavy-ion
beams, offers good particle identification and high granularity. These fea-
tures were important to measure the high multiplicities of produced particles
in heavy-ion collisions. In the present experiment we exploit those detector
characteristics to measure only two particles, a pair of electron and positron,
with high efficiency.

4. Data analysis is probably the most crucial part of a physics experiment, be-
cause all “unknown unknowns”, the variables we are yet unaware of, should be
discovered and traced to their proper origin. Once we are aware of them, it is
tempting to wish doing the experiment all over again. However, likely we are
going to encounter other “unknown unknowns”, underlining the importance
of a careful data analysis.

5. This year we are celebrating the 100th anniversary of A. Einstein’s legendary
papers published in 1905. For some of his contemporaries physics was a closed
chapter at that time. As we all know now, our understanding of physics was
changed in a dramatic way just afterwards. Despite the success of the standard
model of elementary particles, the discovery of massive neutrinos opened just
another chapter.

6. It is impossible to conceive present-day society without computers. However,
the acquisition of computer skills still is, to a large extent, a matter of ad-hoc
decision and personal involvement. Like reading, writing, and calculating,
acquiring computer skills should become a matter of every child’s curriculum.

7. As is well known, the progenitor of the Internet originated also as a solution for
a computer network able to withstand large destructive power and remaining



in operation through multiple connection routes. It is a pity that not many
other products of the cold-war era were so beneficial to mankind.

8. The European center for nuclear research (CERN) might be known to many
as the place, where some of the most complex physics experiments are per-
formed. To many others it is better known as the birthplace of the World
Wide Web (WWW). However, if CERN policy would have been guided by
“kenniseconomie” as much as Dutch science policy is nowadays, the WWW
would have become a commercial product and not be accessible to the general
public, making the world look different today.

9. Debugging computer code is probably the most inefficient labor known to
modern people. Even when you think that everything works as you want, a
new problem likely appears.

10. The rational comprehension is the most powerful tool of a scientist. However,
if for whatever reason there is a lack of understanding, beliefs translated into
postulates are the only way to preserve consistency.
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